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Abstract  
Captive breeding programmes are becoming an increasingly used management method for 
conserving species where extinction is otherwise likely due to significant in situ threats and 
marginal translocation possibilities. Retaining high levels of representative genetic diversity 
in captive populations may help improve the success of captive-bred individuals upon release 
to the wild. However, this requires careful planning prior to population establishment to 
successfully mitigate some of the significant genetic bottlenecks encountered when founding 
a new captive population. Here I used population viability analyses to define the minimum 
number of founders necessary to maintain a predefined level of representative genetic 
diversity within a captive population of eastern provenance Otago skink, Oligosoma 
otagense, over time. As inbreeding depression can reduce the accuracy of population viability 
analyses, I also explored the potential effect of inbreeding occurrence on individual survival 
probability within the existing captive eastern provenance Otago skink population.  
Inferences of individual inbreeding occurrence were generated based on existing or newly 
genotyped microsatellite data, and pedigree data from the eastern provenance Otago skink 
studbook. Genetic and pedigree-based inferences of inbreeding occurrence were compared to 
determine the effectiveness of using either technique. Heterozygosity-heterozygosity 
correlations showed a poor relationship between genetic inferences of inbreeding occurrence 
and likely inbreeding occurrence (heterozygosity by locus R
2
 = 0.18 ± 0.0004 SE, internal 
relatedness R
2
 = 0.15 ± 0.0004 SE), with poor correlation also found between genetic and 
pedigree based inferences of inbreeding occurrence (P = 0.048, R
2 
= 0.029 and P = 0.006, R
2 
= 0.064 for internal relatedness and heterozygosity by locus respectively). The use of genetic-
based inferences of inbreeding occurrence was afterwards discontinued in this study. Survival 
analysis of lifespan data from the eastern provenance Otago skink studbook (n = 206) showed 
that increasing individual pedigree-based inbreeding coefficients (ƒ
i
) were not significantly 
affecting individual survival probability (hazard ratio = 1.004, P = 0.712). This result is 
similar to those of other studies of inbreeding depression in captive populations, where the 
effect of inbreeding on fitness traits such as survival has been found to be weak. Given this 
result, inbreeding depression was not included in the population viability analysis models 
used to define minimum founder population numbers. 
Population viability analyses were undertaken using demographic data from the existing 
captive eastern provenance Otago skink studbook, previous studies of Otago skink 
demographic rates, and unpublished rates of translocation survival. This study found that at 
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least 60 founder individuals would be required to retain rare alleles from the source 
population (those alleles originally occurring at a frequency of 5% in the gene pool) in a new 
captive population of eastern provenance Otago skink with a >95% probability to the end of a 
20 year period in captivity. Given this outcome, a minimum founder population size of 60 
individuals is recommended in the establishment of captive populations of threatened lizard 
species with similar life histories in future. However, differences in the demographic rates 
experienced by other threatened species populations in captivity may alter the number of 
founders necessary to maintain this level of genetic diversity retention. It is therefore 
recommended that managers of threatened species intending to create new captive 
populations undertake prior planning to define the number of founders necessary to retain 
representative genetic diversity within the captive stock, using the methods detailed in this 
study. 
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Frontispiece The preserved remains of SPARKS2, the first wild-caught male founder of the current 
managed captive eastern provenance Otago skink, Oligosoma otagense, population. Captive records 
and published reports indicate he was one of six individuals caught in the Middlemarch/Sutton area by 
Rex McDowell in 1973 (Whitaker, 1987). He is the most well represented founder in the captive EOS 
population. Photo courtesy of the Auckland War Memorial Museum. 
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1.1. Introduction 
1.1.1. The Role of Captive Breeding in Conservation  
Monumental threats to global biodiversity are rapidly outpacing conservation efforts 
worldwide (Butchart et al., 2010; Hoffmann et al., 2010; Ceballos, Ehrlich and Dirzo, 2017), 
driving current extinction rates to become comparable with those that occurred during the last 
major vertebrate extinctions (Barnosky et al., 2011; De Vos et al., 2015; WWF, 2016). The 
management of wildlife impacted by large-scale threats which cannot easily be mitigated in 
situ, such as climate change (Thomas et al., 2004; Urban, 2015), wide-scale habitat loss 
(Maxwell et al., 2016; Wilson et al., 2016), invasive introduced species (Doherty et al., 
2016), or novel pathogens and disease (Lips et al., 2006; Woods et al., 2018), has had to 
adapt in order to address these issues. For many declining species this has led to an emphasis 
on ex situ conservation strategies outside of the species’ natural distribution; that is, 
establishing species in areas free of threat, or creating managed populations in captivity for 
the purpose of securing the species from extinction and providing individuals for 
translocation (Conway, 1989). 
Captive breeding (defined here as the production of offspring from captive-held individuals 
either for release to the wild as sub-adults or adults, or to further support a captive 
population) has had a significant role in the recovery of threatened species, with successful 
captive breeding and translocation programmes (see IUCN/SSC 2013 for translocation term 
definitions) responsible for improving some species IUCN Red List threat status (e.g., 
Prezwalski's horse, Equus ferus przewalskii, golden lion tamarin, Leontopithecus rosalia, and 
the black footed ferret, Mustela nigripes, Hoffmann et al., 2010; Conde et al., 2011; IUCN, 
2017). However, when suitable translocation sites are unavailable, initiating a captive 
breeding programme to maintain species in the interim can be successful in preserving those 
facing catastrophic in situ extinctions (Zippel et al., 2011; IUCN, 2014; Nahonyo et al., 
2017). The value of such ‘ark’-style captive breeding programmes is ultimately in their 
ability to re-establish or support in situ populations through the production of suitable release 
stock (Soulé et al., 1986). However, reintroduction may not be possible for some time due to 
a lack of suitable sites, and retaining the option of translocation within the captive breeding 
programme over this period requires careful population planning and management. 
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1.1.2. Population Viability Analysis  
Population viability analysis (PVA) is a powerful species management tool that can be used 
to model forecasted changes to a specific population given defined demographic and 
stochastic rates (Boyce, 1992; Lacy, 1993; Beissinger and McCullough, 2002; Hoban, 2014). 
PVA can be used to assess the success of a conservation action in its ability to achieve 
specific population or species management outcomes, and to define the population 
parameters and management actions necessary for achieving explicit species management 
objectives (Bustamante, 1998; Keedwell, 2004; Bruford et al., 2010; McCleery, Hostetler and 
Oli, 2014; Dolman et al., 2015; Margalida et al., 2017; Fantle-lepczyk et al., 2018). For these 
reasons, initiating PVA prior to a captive breeding programme’s establishment is a useful 
undertaking, as it can be used to identify and ensure those features that improve the success 
of individuals upon release to the wild, like genetic diversity retention, are adequately 
supported within the captive population and that the possibility of translocation is maintained 
within the captive stock. 
PVA models future population growth using demographic and stochastic rates of population 
change for the focus species or those of a closely related species (Akçakaya and Sjögren-
Gulve, 2000). Inbreeding, which can have a negative impact on individual fitness (termed 
inbreeding depression; Lynch 1991), can also have an impact on PVA when it is used to plan 
management actions. This is because reduced rates of survival and reproduction among 
inbred individuals lead to decreased population growth rates (Westemeier et al., 1998; 
Madsen et al., 1999; Amos, Balmford and Heredity, 2001; Amos et al., 2006; O’Grady et al., 
2006; Boakes, Wang and Amos, 2007; Frankham, Ballou and Briscoe, 2010; Szűcs et al., 
2017). Consequently, understanding if and how inbreeding occurrence affects demographic 
rates is a critical step in building realistic PVA (Brook et al., 2002; Reed et al., 2002; 
O’Grady et al., 2006; Frankham, 2010). If inbreeding depression is not recognised during the 
PVA, the predicted success of a captive breeding programme can be overly optimistic, and 
identifying the necessary population parameters and management actions required to support 
translocation prospects within the captive stock can be compromised (Jiménez et al., 1994; 
Brook et al., 2002). 
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1.1.3. Genetic Diversity Loss and Inbreeding Depression in Captive 
Breeding Programmes 
Despite an increase in the use of captive-bred stock in reintroductions (Seddon, Armstrong 
and Maloney, 2007), individuals that are captive-bred often have reduced fitness and lower 
probabilities of population establishment than wild-sourced individuals upon release to the 
wild (Griffith et al., 1989; Fischer and Lindenmayer, 2000; Araki, Cooper and Blouin, 2009). 
The reasons for this failure are frequently diverse, unintentional impacts of captive breeding 
on individual fitness, such as the loss of critical learned behaviours (van Heezik et al., 1999), 
genetic adaption of individuals to captivity (Bryant and Reed, 1999; Frankham, 2008; 
Willoughby and Christie, 2018), or the loss of genetic diversity and increases in deleterious 
genetic factors through stochastic processes and inbreeding occurrence (Frankham, 2005; 
Szűcs et al., 2017).  
Genetic diversity is the foundation for a population or species’ future evolutionary change 
and persistence, with high levels of genetic diversity providing more opportunities for 
individual variation and survival under novel environmental pressures (Bijlsma and 
Loeschcke, 2005). Preserving highly diverse, representative genetic diversity in captive 
populations is an important step towards improving both the suitability of captive-bred stock 
for reintroduction (Frankham, Ballou and Briscoe, 2010), and the success of populations 
founded on that captive stock (Fischer & Lindenmayer 2000; IUCN 1989). As rates of 
genetic diversity loss and inbreeding occurrence within populations are inversely proportional 
to decreasing population size (Falconer & McKay1996; Amos, Blamford, et al. 2001), some 
genetic diversity loss and inbreeding will almost certainly occur in captive populations given 
phases of low population size in the founding of new populations. Consequently, determining 
the minimum founding population size necessary to ensure the specific reintroduction and 
genetic diversity retention goals of a captive breeding programme are achieved, is a critical 
step in improving the survival of any captive-bred individuals once translocated (Soulé et al., 
1986; Frankham, Ballou and Briscoe, 2010). 
1.1.4. Threatened Lizard Conservation in New Zealand  
Reptiles face immense extinction pressure globally because their strict microhabitat 
requirements and limited distributions make them more sensitive to large-scale threats than 
many other terrestrial vertebrate species (Anderson, 1984; Anderson and Marcus, 1992; 
Ettling and Schmidt, 2015). In New Zealand, over a third of the 105 extant endemic lizard 
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species currently recognised are classed as threatened under the national threat classification 
system (see Table 1; Townsend, 2008; Hitchmough et al., 2016), significantly more than the 
global average for reptiles (Böhm et al., 2013), and in line with that of other recognised NZ 
taxa such as birds (Parlimentary Commissioner for the Environment, 2017).  
 
Table 1 Threat status classification summary of the major New Zealand lizard families as in 
Hitchmough et al., (2016). See Townsend (2008) for more information on threat status 
classifications. Brackets indicate number of species in each category. 
Family Threatened Declining Not Threatened Data Deficient Extant 
Gekkonidae 
Scincidae 
22.7% (10) 
41.0% (25) 
61.4% (27) 
44.3% (27) 
11.4% (5) 
6.6% (4) 
4.5% (2) 
8.2% (5) 
44 
61 
 
While the reintroduction of captive-bred reptiles has been a successful tool in the 
conservation of some species internationally, such as West Indian iguanas (Cyclura spp., 
Grant & Hudson 2015) and sand lizards (lacerta agilis; Woodfine et al. 2017), the use of this 
technique has been limited in the conservation of New Zealand lizards (Thomson, 1994; 
Romijn and Hartley, 2016). Instead, ex situ conservation initiatives have often focused on the 
translocation of wild-caught individuals to predator-free areas, such as offshore islands 
(Miller, Bell and Germano, 2014; Romijn and Hartley, 2016). However, with the exception of 
a handful of islands within lakes in Canterbury and Otago, potential island translocation sites 
lack suitable habitat for dryland species (i.e., those which occupy tussock, Chionochloa, or 
fescue, Festuca, dominated, low rainfall habitats, such as the Nevis skink, O. toka), alpine 
species (those typically found above 1000m, such as the barrier skink, O judgei), or those 
species that are strongly saxicolous (i.e., living strictly amongst rocks or rock outcrops, such 
as the scree skink, O. waimatense). ‘Mainland islands’, fenced areas heavily trapped or free 
of introduced predators (e.g., Orokonui Ecosanctuary near Dunedin; Otago Natural History 
Trust, 2006), offer an alternative, but the habitat present throughout most mainland islands 
are limited to cloud forest and coastal scrub, with the exception of the Mokomoko Sanctuary 
near Alexandra (Norbury, 2012).    
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For those lizard species that have limited immediate translocation prospects and are facing 
rapid declines in situ, captive breeding may provide a viable conservation method to 
temporarily prevent extinction. However, careful consideration must be given to determining 
the necessary founding population sizes required to retain representative genetic diversity in 
the eventual release stock, and to ensure that captive populations meet their prescribed 
species management goals. 
1.1.5. The Otago Skink, Oligosoma otagense 
The Otago skink, Oligosoma otagense (McCann, 1955), is a large, nationally endangered 
skink species (Townsend, 2008; Hitchmough et al., 2016) endemic to the Otago region of 
New Zealand. Two distinct populations of Otago skink exist: the western provenance 
population (hereafter “western Otago skink” or WOS) located in the Lindis area near 
Wanaka, and the eastern provenance population (hereafter “eastern Otago skink” or EOS) 
located near Macraes (see Figure 1). These populations are likely to have been divided since 
the last major uplift of the Alpine Fault, approximately 3.7 (± 0.9 mya) million years ago 
(Chapple et al., 2012; Waters et al., 2001), and are subsequently treated as separate 
evolutionarily significant units and managed separately (Norbury, Reardon and McKinlay, 
2008; Collen, Reardon and Tocher, 2009; Chapple et al., 2012). 
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Figure 1 Map of Otago skink, Oligosoma otagense, distributions within the South Island of New 
Zealand. The species occurs in two main provenances: the eastern Otago skink, found in the 
Macraes region, and the western Otago skink, found in the Lindis region. 
 
Significant declines of Otago skink throughout the two populations’ former ranges have been 
attributed to introduced mammalian predators (Middlemiss, 1995; Norbury, 2001; Reardon et 
al., 2012), extensive habitat loss due to pastoralisation (Tocher and Norbury, 2005; Norbury, 
Reardon and McKinlay, 2008), poison use (Whitaker, 1987), and a growing captive keeping 
trade in the 1980s (Whitaker and Loh, 1995). Additionally, low reproductive output and late 
maturity (Cree, 1994; Tocher, 2009), large size (snout to vent length [SVL] of up to 130 mm; 
Cree, 1994; Tingley, Hitchmough and Chapple, 2013), specific habitat requirements, and a 
highly fragmented and isolated remnant population at both locations (Tocher and Norbury, 
2005) means that Otago skink are more vulnerable to extinction than other endemic lizard 
species (Tocher, 2009; Tingley, Hitchmough and Chapple, 2013). Population estimates for 
Otago skink have previously ranged from 1,000 to <5,000 adults (Patterson, 1992; Whitaker 
and Loh, 1995; Whitaker, 1996; Coddington and Cree, 1997; Norbury, Reardon and 
McKinlay, 2008; Hitchmough et al., 2013, 2016), with between 250 and 1,000 adult 
individuals estimated to be alive presently (Hitchmough et al., 2016). The variability in this 
population estimate is likely to reflect the difficulties of estimating the size of these 
populations, rather than true population fluctuations. These population assessments are also 
heavily based on the extensively studied EOS population; no current population estimates 
exist for WOS in situ (John Keene, pers. comm., 2017, Senior Ranger, DOC Alexandra), but 
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populations have historically been small and fragmented, with anecdotal estimates of less 
than 300 adult individuals remaining (Carey Knox, pers. comm., 2017, Ecologist, Knox 
Ecology).  
In 2005, large-scale predator control (2,100 ha) and predator-proof fencing regimes (fenced 
areas totalling 27 ha) were established at Macraes to halt the decline of EOS and the similarly 
threatened grand skink (O. grande) at this stronghold site. The ongoing predator control 
operation at Macraes has been highly successful, resulting in the stabilisation or increase of 
EOS populations within the control area over the last 10 years (Reardon et al., 2012). In 
contrast, implementing similar conservation actions in areas of WOS occupancy has been 
considered too difficult given the isolated and rugged area they inhabit, as well as the 
problems accompanying the fact that WOS occupancy sites are largely on private land 
(Whitaker and Loh, 1995). Consequently, WOS populations are thought to be in serious 
decline (Norbury, Reardon and McKinlay, 2008) with some smaller populations reported to 
have become extinct as recently as in the last 35 years (Whitaker and Loh, 1995).  
Despite no prescribed species management plan, a studbook was established in 1985 for 
captive EOS to make use of individuals already held within both formal captive institutions 
(such as zoos and aquaria) and the private sector to try to formally secure the species in 
captivity and create a co-ordinated captive breeding programme to protect against species 
extinction (Collen, Reardon and Tocher, 2009). Given that the captive EOS population is 
reported to have been founded with only a small number of individuals, with each holder 
acting largely independently in their population management for many years, it is likely that 
the captive EOS population is highly inbred (Connolly, 2005). WOS are also currently held in 
captivity, but little breeding is occurring among the individuals held. 
1.2. Aims of This Thesis 
The initiation of captive breeding programmes to support threatened New Zealand lizards 
may be required in future given large-scale threats to species persistence and the limitation of 
translocation opportunities. Maintaining high levels of representative genetic diversity within 
captive breeding programmes increases the possibility of successfully reintroducing captive-
bred stock, improving the outcomes of using this method in threatened species conservation. 
Given that the genetic diversity of a captive population is entirely represented in the founder 
stock, it is important to ensure that the appropriate number of founders required to achieve 
the captive population’s objectives is defined prior to population establishment. In this thesis 
Chapter 1: General Introduction 
 
9 
I primarily aim to improve the development of management guidelines aimed at retaining 
genetic diversity in captive breeding programmes for threatened New Zealand lizards. I aim 
to do this by defining the minimum founding population size necessary to retain 
representative genetic diversity within a long-term captive population of an endemic lizard 
species as a practical example of how important prior planning using PVA can be undertaken. 
Here I use eastern Otago skink as a model for using this methodology, with the intention of 
improving captive breeding programmes for this species, and others with similar life 
histories, such as robust skink, Oligosoma alani, Whitakers skink¸ O. whitakeri, and western 
Otago skink. 
1.3. Thesis Structure 
This thesis consists of two main analysis chapters (Chapter 2 and Chapter 3), with each 
written in a stand-alone style. While the primary aim of this work is to improve the retention 
of genetic diversity in captive populations of New Zealand lizards in general, the two main 
analysis chapters (Chapter 2 and Chapter 3) focus on EOS populations specifically as an 
example of how this methodology could be applied in the management of other threatened 
species.  
In Chapter 2, I quantify individual inbreeding occurrence and assess its impact on the 
survival of EOS in captivity to improve the accuracy of population forecasting models. 
Inbreeding occurrence is defined using both genetic inferences and pedigree inferences of 
inbreeding to assess the merits of each method for future use with other New Zealand lizards. 
This work is the first to assess the impact of inbreeding occurrence on the survival of a New 
Zealand lizard species in captivity, and is the first to assess the strength of inbreeding 
occurrence acting on individual survival over the course of a New Zealand lizard species’ 
entire lifespan, providing baseline estimates for the future use of this information in 
conservation planning.  
In Chapter 3, I use population viability analysis to define the minimum founding population 
size necessary to retain representative genetic diversity relative to the in situ source 
population of a threatened New Zealand lizard species over a defined time scale, using EOS 
as an example. I also use population forecasting models to assess the likelihood of 
representative in situ genetic diversity retention in a current captive lizard population to 
provide an example of how to assess the reintroduction value of current captive stocks of 
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existing New Zealand lizard species in captivity using the captive EOS population as an 
example.  
In Chapter 4, I summarise the results of the two analysis chapters (Chapter 2 and Chapter 3) 
and give broad context to how the example using EOS can be applied to other threatened 
New Zealand lizard species. Here I also compare these results to other similar published work 
and discuss future research opportunities.  
While this thesis benefitted from the input of my supervisors, Bruce Robertson and Yolanda 
van Heezik, this work is predominantly my own, as I primarily undertook the data analysis 
and drafted each chapter. My primary supervisor, Bruce provided guidance on analysis 
methods, while both Bruce and Yolanda assisted with formalising my research questions and 
thesis structure. Additionally, both Bruce and Yolanda provided comments on drafts of each 
chapter. The Department of Conservation Grand and Otago skink (GAOS) captive 
coordinator, Karin Ludwig supplied a copy of the EOS studbook for data analysis, while 
existing genotype data was originally produced and supplied by Bruce Robertson and Julia 
Allwood (EcoGene). Additional genetic material for genotyping was supplied by Auckland 
Zoo and members of the DOC GAOS team which were sent to Bruce Robertson. 
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Chapter 2: Inbreeding Effects on 
Survival in a Captive Population of 
Eastern Provenance Otago Skink, 
Oligosoma otagense 
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2.1. Introduction 
2.1.1. Inbreeding Depression  
Because parents that are relatives have less genetic variability between them than non-
relatives, inbred offspring experience an increase in individual homozygosity (Falconer and 
MacKay, 1996), often causing the expression of deleterious recessive alleles to rise and 
individual fitness to decrease (Keller and Waller, 2002; Müller and Juškauskas, 2018). This 
reduction in fitness can decrease population growth rates (Mills and Smouse, 1994; 
Frankham, Ballou and Briscoe, 2010; Szűcs et al., 2017). As a result the probability that the 
population will retain a sufficiently diverse gene pool is decreased, posing a serious threat to 
the achievement of a captive breeding programme’s species recovery goals (Jiménez et al., 
1994; Frankham, Ballou and Briscoe, 2010). 
Individual fitness can be affected by inbreeding occurrence in a variety of ways, including 
decreased juvenile survival (Kalinowski and Hedrick, 1999; Keller et al., 2002; Jamieson et 
al., 2007; Townsend and Jamieson, 2013; Brzeski et al., 2014), reduced adult fertility (Roff, 
2002; Cain et al., 2014; Müller and Juškauskas, 2018), and reduced adult survival (Jiménez et 
al., 1994). It can also impact less direct fitness traits such as home range size (Cain et al., 
2014), personality (Müller and Juškauskas, 2018), and parasite resistance (Coltman et al., 
1999). As inbreeding depression can act simultaneously on a number of fitness components 
throughout an individual’s lifetime (Keller and Waller, 2002; Szulkin et al., 2007; Grueber et 
al., 2010), the overall effect of inbreeding depression acting on an individual is often 
underestimated when only one fitness component is studied, or the study is limited to only a 
single life history stage (Charlesworth and Charlesworth, 1987; Kalinowski and Hedrick, 
1999; O’Grady et al., 2006; Szulkin et al., 2007; Grueber et al., 2010; Bilski, Pie and Passos, 
2013).  
2.1.2. Quantifying Inbreeding Occurrence  
Determining the amount of inbreeding that has occurred in an individual’s ancestry is 
necessary to accurately quantify its impact on fitness traits of interest. Pedigrees can be used 
to define the coefficient of inbreeding (ƒ; Wright, 1922), which is a relative measure of the 
amount of inbreeding that has occurred in an individual’s recorded ancestry. While pedigrees 
are regarded as the most robust source of data to use in studies of inbreeding (Balloux, Amos 
and Coulson, 2004; Pemberton, 2004, 2008), measures of individual ƒ are a minimum 
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evaluation of the amount of inbreeding to have occurred in an individual’s ancestry, as the 
relationships between founder individuals are often unknown (Falconer and MacKay, 1996; 
Jones et al., 2002; Russello and Amato, 2004; Frankham, Ballou and Briscoe, 2010). 
Pedigrees must also accurately reflect genealogy to precisely estimate individual ƒ (Bowling 
et al., 2003; Pemberton, 2008; Oliehoek and Bijma, 2009; Tzika et al., 2009), something that 
may be difficult to achieve due to the life history of the study animal (Coulson et al., 1998; 
Tzika et al., 2009), or a lack of records early in a breeding programme’s history. 
As inbreeding causes a linear increase in the homozygosity of an individual’s genome 
(Falconer & Mackay 1996; Wright 1921), molecular estimates of inbreeding can be used as a 
surrogate for pedigree derived ƒ (Queller, Strassmann and Hughes, 1993; Keller and Waller, 
2002). The use of a surrogate is useful in the study of populations unsuitable for pedigree 
analyses (Amos et al. 2001; Aparicio et al. 2006; Coltman et al. 1999; Coulson et al. 1998). 
However, studies have revealed the link between inbreeding occurrence based on ƒ and 
molecular estimates to be weak (Slate et al., 2004; Alho et al., 2009; Grueber, Waters and 
Jamieson, 2011). This is due to the fact that inaccurate molecular estimates of inbreeding can 
result when sources other than inbreeding impact on heterozygosity, such as genotyping 
errors (Pompanon et al., 2005; Henkel et al., 2012), selection or linkage (Slate et al., 2004; 
Frankham, Ballou and Briscoe, 2010). Thorough examination of the genetic markers of 
interest must be undertaken to ensure molecular estimates of inbreeding are not a product of 
these errors (Balloux, Amos and Coulson, 2004; Morin et al., 2010).  
Precision is improved in estimates of ƒ by using genetic data to validate relationships within a 
new or existing pedigree (Pemberton, 2004, 2008; Oliehoek and Bijma, 2009; Zucoloto et al., 
2009). Indeed, a combination of both molecular and pedigree data is now recommended 
(Pemberton, 2004, 2008; Grueber, Waters and Jamieson, 2011), due to the problems 
associated with the application of each approach to the estimation of inbreeding occurrence. 
These methods still require that genetic markers accurately reflect an individual’s true 
genotype and are largely free of errors, but can incorporate known rates of genotyping error.  
2.1.3. Inbreeding Depression and Population Forecasting Models 
Including inbreeding depression in the development of population forecasting models is 
essential to ensure accurate demographic changes are modelled (Brook et al., 2002; O’Grady 
et al., 2006). Lethal equivalents (LE), are defined as the number of alleles that would cause 
death if they were expressed in an individual (Charlesworth and Charlesworth, 1987; Ralls, 
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Ballou and Templeton, 1988), and are often used in population forecasting models as a 
measure of the strength of inbreeding depression acting on a fitness trait (Lacy, 1993; Reed et 
al., 2002; O’Grady et al., 2006; Lacy, Miller and Traylor-Holzer, 2014; Taylor et al., 2017). 
However, modelling programs such as VORTEX only apply the effects of LE to first year 
survival (Lacy, Miller and Traylor-Holzer, 2014), with impacts acting outside of this period 
requiring user-defined mortality functions. To achieve more accurate estimates of the impact 
of inbreeding depression acting over an individual’s entire lifespan, hazard ratios (Kleinbaum 
and Klein, 2005) can be used instead of LE. Hazard ratios identify the change in individual 
survival probability relevant to the change in risk factors, such as increasing inbreeding 
occurrence. Hazard ratios can be included in population forecasting models relevant to each 
age class’s specific individual mortality rates given the strength of inbreeding experienced by 
the simulated individual. This approach allows the lifetime effects of inbreeding depression 
to be more accurately included in population forecasting models, improving the accuracy of 
model outputs.  
2.2. Chapter Aims  
Due to a large captive population, extensive studbook records, and high reported rates of 
inbreeding, the captive EOS population provides an opportunity to study the effects of 
inbreeding on captive Otago skink survival in-depth. In this chapter, I primarily aim to define 
the strength of inbreeding depression acting on annual survival rates over an entire individual 
EOS lifetime in captivity. The specific aims of this chapter are to: 
1. Calculate individual inbreeding coefficients based on genetic and pedigree data for 
EOS in the captive population; 
2. Examine the difference in performance of pedigree-based and genetically-based 
coefficients of inbreeding in studying inbreeding depression in the captive EOS 
population; 
3. Define the hazard ratio of the impact of inbreeding occurrence acting on captive EOS 
survival to use in conjunction with annual age-class mortality rates as a proxy for LE. 
With the exception of Berry (2006) and Miller et al., (2011), this would be the only other 
study exploring the effects of inbreeding on survival in a New Zealand lizard species in 
detail, and the first to attempt to quantify the strength of inbreeding depression acting on a 
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New Zealand reptile population over an entire lifespan. Additionally, the outputs of this 
chapter can be incorporated into the PVA used in Chapter 3, as acknowledging any potential 
impacts of inbreeding depression acting on population growth rates should improve 
forecasting accuracy (Brook et al., 2002; O’Grady et al., 2006).  
2.3. Methodology 
2.3.1. EOS Pedigree Data 
The captive EOS pedigree contained information on 206 individuals, after the inclusion of 39 
missing individuals (see Appendix I) and removal of 28 individuals with uninformative 
survival times from the original DOC pedigree on the census date, 1
st
 of May, 2013. Five 
individuals died due to centipede predation (possibly Cormocephalus rubiceps, an endemic 
species reported to prey on lizards; Southey 1985), and were removed from further analyses 
as they were not considered to be informative of inbreeding depression (individual ƒ was not 
greater within the missing group when compared to the non-missing group; t = -0.7432; df = 
4.567; P = 0.5043). Wild-born individuals or those that could not have parents validated were 
removed from the dataset because their age and ƒ could not be verified (n = 23). Some 
individuals were euthanised in captivity for welfare reasons, but these individuals were 
retained in the survival dataset as it was presumed that death would have occurred despite 
euthanasia (Institute of Veterinary, Animal and Biomedical Sciences, 2010). While some 
captive EOS are suspected to have died via conspecific aggression (Institute of Veterinary, 
Animal and Biomedical Sciences, 2008), identifying this as a direct cause of death was 
difficult because few deceased captive EOS have undergone post-mortem examination (n = 
21). Also, of those examined, the direct cause of death could not always be identified. 
2.3.2. Genetic Sample Collection  
Initially, only 96 of the 206 pedigree EOS had genotype information available for analysis 
(some genetic data have previously been used for management of the EOS captive 
population, but no literature is available on this; Karin Ludwig, pers. comm., 2014, Ranger 
GAOS Team, DOC). I genotyped an additional 24 individuals in this study and combined 
these with the previous genotype dataset (see Appendix II) to provide a total genetic dataset 
of 120 individuals. All the DNA samples obtained for genotyping consisted of blood samples 
that were already catalogued at the Department of Zoology (University of Otago). Additional 
blood and tissue samples were not collected due to restrictions on sampling (tissue and blood 
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could only be collected by a trained, DOC-approved veterinarian; Karin Ludwig, pers. 
comm., 2014, Ranger GAOS Team, DOC), a lack of information regarding the identity and 
origin of stored carcasses and tissues, and inappropriate storage of material from deceased 
individuals for DNA preservation (e.g., formalin). 
2.3.3. Molecular Methods 
I extracted whole genomic DNA for all new blood samples following a standard 5% Chelex 
protocol (Walsh, Metzger and Higuchi, 1991). All extracted DNA was quantified using a 
NanoDrop™ ND-1000 (Thermo Scientific) and samples of poor DNA quality (a 260/280 
ratio less than 1.7) and/or low DNA yield (less than 5 ng/µl) were re-extracted (Tiedemann et 
al., 2012). I diluted extracted DNA to a concentration of around 5-30 ng of DNA per 
microliter.  
I used ten microsatellite loci previously used for genotyping Otago skinks (Berry, Gleeson 
and Sarre, 2003; Birkett, 2004). Forward primers were tagged to allow the use of one of four 
universal M13 fluorophores (FAM™, NED™, VIC®, and PET®; Applied Biosystems) as 
described by Schuelke (2000). I assigned fluorophores, and allocated multiplex PCR groups 
(see Table 2) using Multiplex Manager version 1.2 (Holleley and Geerts, 2009). To avoid dye 
shift error (Sutton, Robertson and Jamieson, 2011), I used fluorophore/locus combinations 
used in previous genotyping of Otago skink where possible. However, changes were made to 
the fluorophores used with locus Oligo4 and Oligo13 (NED to PET), and Oligo10 (VIC to 
NED). 
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Table 2 Multiplex details and conditions for each of the ten microsatellite loci primers used to 
genotype captive eastern provenance Otago skink, Oligosoma otagense, in this study. Locus details 
are reported as in Berry et al. (2003).  
Locus 
Fluorophore 
Dye 
PCR 
Multiplex 
set 
Expected 
Number 
of alleles 
Size Range 
of PCR 
product 
(BP) 
He 
* TA °C 
** GenBank 
Asc. # 
Oligo3 FAM™ 1 17 262-330 0.79 57 AF513233 
Oligo4 PET® 1 15 200-252 0.77 57 AF513236 
Oligo6 VIC® 1 18 92-126 0.8 59 AF513234 
Oligo7 FAM™ 2 16 157-273 0.78 59 AF513235 
Oligo8 VIC® 1 15 253-300 0.73 59 AF513238 
Oligo10 NED™ 1 12 198-301 0.82 57 AF513240 
Oligo13 PET® 1 26 288-350 0.80 59 AF513237 
Oligo14 VIC® 2 8 256-287 0.36 52.5 AF513228 
Oligo17 NED™ 2 13 256-271 0.80 52.5 AF513230 
Oligo19 NED™ 1 11 149-179 0.76 52.5 AF513229 
* He is the proportion of individuals expected to be heterozygotes for a locus as reported in (Berry, Gleeson and Sarre, 2003). 
** TA °C is the temperature required to anneal primers to the DNA template strand during PCR 
 
Each 2 µl PCR reaction contained c. 5-30 ng of DNA per sample, 1 µl Type-it master mix 
(Qiagen), 0.008 pM locus specific M13 tailed forward primer (per locus), 0.032 pM locus 
specific reverse primer (per locus), and 0.05 pM M13 fluorophore dye. Thermocycling 
conditions consisted of an initial 15 min denaturation step at 95 °C, followed by 8 cycles at 
94 °C for 30 s, 60 °C for 90 s, and 72 °C for 60 s, then 25 cycles at 94 °C for 30 s, 52 °C for 
90 s and 72 °C for 60 s, then a concluding elongation step at 60 °C for 30 min.  
Electrophoresis of amplified products was done on an ABI 3730xl Genetic Analyser (Applied 
Biosystems) with GeneScan™ 500 LIZ size standard. I carried out allele peak scoring 
manually using Geneious® version 6.1.4 (http://www.geneious.com, Kearse et al. 2012). 
Raw allele lengths were binned using the package MsᴀᴛAʟʟᴇʟᴇ version 1.05 (Alberto, 2009) 
in the statistical program R version 3.0.1 (R Core Development Team, 2015). The presence of 
non-amplifying alleles was assessed using Micro-Checker version 2.2.3 (Van Oosterhout et 
al., 2004), with tests for departure from Hardy-Weinberg equilibrium and linkage equilibrium 
were done using Genepop version 4.2 (Rousset, 2008).  
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2.3.4. Allele Scoring Error Rate  
I quantified repeatability of genotype scoring between the present study and previous 
genotyping studies (hereafter referred to as between-study error) through blind re-genotyping 
of a random subset of 42 of the previously genotyped skinks (Bonin et al., 2004; see 
Appendix II). I also quantified allele scoring repeatability within this study by blindly 
genotyping a random subset of individuals genotyped in this study twice (n = 5). I carried out 
genotype error estimates for both between-study and within-study comparisons on a per locus 
and per allele basis over all loci typed (Hoffman and Amos, 2005; Pompanon et al., 2005).  
2.3.5. Calculations of Inbreeding Occurrence 
I validated all pedigree relationships where genetic data were available (see Appendix III) 
before defining pedigree-based individual inbreeding coefficients (ƒ
i
) using PMx version 
1.1.20120718 (Ballou, Lacy and Pollak, 2011) for all individuals in the final EOS pedigree (n 
= 206; see above). I used two molecular estimates of inbreeding with the genetic dataset (n = 
120 see above): internal relatedness, IR (Amos et al., 2001), and homozygosity by loci, HL 
(Aparicio, Ortego and Cordero, 2006). These methods are robust when estimating inbreeding 
occurrence in highly related populations (Amos et al., 2001; Aparicio, Ortego and Cordero, 
2006). IR produces good estimates of inbreeding occurrence when a population is highly 
inbred (Coulon, 2010), while HL outperforms IR under conditions where expected 
heterozygosity is moderate (He > 0.5; Aparicio et al. 2006). Both IR and HL were estimated 
using the R package Rʜʜ version 1.0.1 (Alho, Välimäki and Merilä, 2010), with any estimate 
ranging above 0 suggesting an increase in inbreeding occurrence in an individual’s history.  
2.3.6. Loci Validation 
To validate the ability of the microsatellite loci used to infer inbreeding (see Table 2), I 
performed heterozygosity-heterozygosity correlations (HHC), where the change in 
heterozygosity between the loci studied within an individual were compared (Balloux et al. 
2004), using the R package Rʜʜ. HHC is an easy way to determine whether the loci studied 
are a good indicator of inbreeding occurrence, as inbreeding occurrence should impact on the 
heterozygosity of all loci equally, resulting in a good correlation between heterozygosity 
measures when the loci are split into two groups and compared with each other. Poorly 
correlating heterozygosity measures between loci indicate that the heterozygosity of some 
loci may be being impacted by factors other than inbreeding occurrence, such as genotyping 
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error. I carried out HHC for each of the two genetic measures of inbreeding, HL and IR, 
using 10,000 random iterations.  
2.3.7. Survival Analysis of Captive EOS and Hazard Ratio Definition 
I assessed survival of EOS in captivity using a Cox proportional hazards analysis (Kleinbaum 
and Klein, 2005). Survival data were based on the genetically validated captive EOS 
studbook, with an individual’s state (live or unknown/deceased) and age recorded as the 
number of complete years alive as of the census date, May 1
st
, 2013. Individuals still alive or 
with an unknown date of death (those that had been lost or released) had their last confirmed 
age (age on the census date, or date of release or loss) used as a minimum estimate of their 
life span, and were considered to be right-censored. The total pedigree-based dataset 
contained information on 87 complete survival times over a 25 year period, with 1043 total 
analysis years. On the census date, 71 individuals were still alive, and 48 had escaped or were 
lost or released; these individuals were censored.  
I constructed a global model for each of the pedigree-based (ƒ) and molecular-based (IR and 
HL) inbreeding estimation methods and fitted the model for each dataset using a Cox 
proportional hazards model with mixed effects regression with the R packages sᴜʀᴠɪᴠᴀʟ 
version 2.37-4 (Therneau, 2013) and ᴄᴏxᴍᴇ version 2.2-3 (Therneau, 2012). Model selection 
was carried out via an information theoretic (IT) approach using the R package MᴜMIɴ 
version 1.10.5 (Barton 2014). Models were ranked based on the Akaike information criterion 
corrected for small sample sizes (AICc). Where the top predictive model had a weight <1, 
those models that deviated by Δ4 AICc or less of the top model were selected to construct 
model averaged estimates (Burnham and Anderson, 2001). Relative importance of predictor 
variables within the model averaged model was also identified using MᴜMIɴ. Schoenfeld 
residual tests and residual deviance tests were carried out on all models to ensure predictor 
variables met the assumptions necessary for Cox proportional hazards regression (see 
Appendix IV). 
In all HL, IR and ƒ global models, I included three fixed predictor variables of inbreeding 
corresponding to the inbreeding coefficient of an individual’s sire (HL
S
, IR
S
 and ƒ
S
), the 
inbreeding coefficient of an individual’s dam (HL
D
, IR
D
 and ƒ
D
) to account for changes in 
survival due to parental inbreeding depression effects, as well as an individual’s inbreeding 
coefficient (HL
I
, IR
I
 and ƒ
I
). All estimates of ƒ were expressed as unitary percentages to 
allow for an easy interpretation of regression outputs as in Bilski et al. (2013).  
Chapter 2: Determining the effect of inbreeding occurrence on survival in captive Otago skink  
 
20 
To account for changes in survival due to parent age (Dzyuba et al., 2006; Xie et al., 2018), I 
included sire age at conception and dam age at birth as confounding fixed predictor variables 
in all global models. Sex was not included as a predictor variable because it can be difficult to 
sex Otago skinks correctly (Karin Ludwig, pers. comm., 2014, Ranger GAOS Team, DOC). 
To control for the effects of dissimilar husbandry techniques between holders, I used a 
random predictor variable in all global models to denote an individual’s breeder of origin. 
Both sire ID and dam ID were also added as random predictor variables in all global models 
to account for the non-independence of full-siblings and half-siblings within the dataset. 
Additionally, I added year of birth as a random predictor variable to account for general 
fluctuations in environmental conditions affecting survival from year to year. Year of birth 
was trimmed from the year 1987, the year of birth of the first captive-born EOS (unpublished 
pedigree data, DOC). Interaction terms in all pedigree-based and genetically-based global 
models were not used as they reduced model precision. All predictor variables were 
compared to ensure no collinearity was present (see Appendix V). 
2.4. Results 
2.4.1. Genotyping and Exact Tests  
The total per locus genotyping success rate was 98.8%, with genotyping failing at one locus 
for seven individuals (5.8% of all genotypes), and at two loci for three individuals (2.5% of 
all genotypes). All nine loci were polymorphic, with a mean per locus allele diversity of 
11.89 (Min = 4; Max= 20), and a mean observed heterozygosity across loci of 0.548 (Min = 
0.067; Max = 0.800). A large proportion of alleles (30.8%) identified within this population 
occurred at a frequency of <0.4% (n =33). The final genetic dataset (n = 120) did not 
consistently deviate from Hardy-Weinberg or linkage equilibrium overall upon Bonferroni 
correction for multiple comparisons (Rice, 1989) and no genotyping error was detected. Null 
alleles were only consistently detected at the locus Oligo13, which was removed from further 
analyses.  
2.4.2. Allele Scoring Error Rates 
No error was identified in within-study DNA extraction duplicates with replicated genotyping 
protocols and conditions for all nine loci typed (n = 5 comparison individuals). Between-
study error was high (see Table 3) despite alignment attempts (see Appendix II), with a mean 
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per allele error rate of 10.99% (max 20.3%; min 0%; n = 664 comparisons) and a mean per 
locus error of 18.98% (max 40.5%; min 0%; n = 332 comparisons). 
 
Table 3 Genotyping error rates from within-study allele scoring repeatability tests and between-study 
genotyping repeatability tests, with their corresponding per-allele and per-locus error rates.  
Sample Type Per Allele Error Rate Per Locus Error Rate 
Within present study, identical 
DNA protocols, genotyped on 
same day 
0% (n = 82) 0% (n = 41) 
Between-study* 10.99% (n = 664) 18.89% (n = 332) 
*Comparison of genotype scoring of the same individual between the present study and a previous genotyping studies – see 
text for more in-depth explanation. 
 
2.4.3. Calculations of Inbreeding Coefficients 
Population-wide ƒ
I
 was high (see Figure 2) with a mean of 0.113 ± 0.009 SE (range = 0.00 to 
0.389; n = 206), indicating a reasonable amount of inbreeding occurrence within the captive 
EOS population. Mean pedigree-based ƒ
D
 was moderate at 0.091 ± 0.008 SE (range = 0 to 
0.281; n = 206), while mean ƒ
I
 across all dams was low at 0.085 ± 0.029 SE (n = 18). Mean 
pedigree-based ƒ
S
 was lower at 0.027 ± 0.005 SE (range = 0.00 to 0.281; n = 206), with a 
similar mean ƒ
I
 across all sires of 0.041 ± 0.025 SE (range = 0.00 to 0.281; n = 15). 
  
Chapter 2: Determining the effect of inbreeding occurrence on survival in captive Otago skink  
 
22 
 
Figure 2 Pedigree-based estimates of individual inbreeding coefficients (ƒ
I
) for the captive eastern 
Otago skink, Oligosoma otagense, population (n = 206).  
 
Genetically-based estimates of inbreeding for all those individuals that had genetic data 
available were high, with a mean internal relatedness (IR) of 0.107 ± 0.025 SE (range = -
0.3809 to 0.666; n = 102), and mean homozygosity by loci (HL) of 0.376 ± 0.019 SE (range 
=0.016 to 0.853; n = 102). Genetically-based estimates of individual inbreeding among sires 
were low with a mean IR of -0.007 ± 0.039 SE (range = -0.3809 to 0.4191; n = 20), and mean 
HL of 0.266 ± 0.039 SE (range = 0.0161 to 0.6143; n =20). Sire inbreeding among offspring 
was also low with a mean IR of -0.007 ± 0.011 SE (range = -0.3809 to 0.4191; n = 84), and a 
mean HL of 0.281 ± 0.020 SE (range = 0.0161 to 0.6143; n =84). Mean genetically-based 
estimates of inbreeding occurance among dams were higher than those of sires, with a mean 
IR of 0.099 ± 0.056 SE (range -0.2548 to 0.6448; n = 20), and HL of 0.379 ± 0.042 SE (range 
= 0.1196 to 0.7296; n = 20). Dam inbreeding among all offspring was also higher than that of 
sires, with a mean IR of 0.048 ± 0.025 SE (range = -0.2548 to 0.6448; n = 72), and mean HL 
of 0.351 ± 0.018 SE (range 0.1196 to 0.7296, n = 72). Individual inbreeding estimates based 
on HL and IR were significantly correlated with each other (P <0.05; r
2
 = 0.92; see Figure 3). 
However, while pedigree-based estimates of ƒ
I
 were only significantly correlated with 
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individual IR (P = 0.048, r
2 
= 0.029), both this and the non-significant relationship between ƒ
I
 
and individual HL were weak (P = 0.006; r
2 
= 0.064; see Figure 4).  
 
 
Figure 3 Estimates of individual inbreeding occurrence based on internal relatedness (IR) and 
homozygosity by loci (HL) methods for individual genetic data from captive eastern provenance Otago 
skink, Oligosoma otagense, (n = 102).   
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Figure 4 A comparison of pedigree-based ƒ and genetically-based estimates of individual inbreeding 
from the same individuals using both genetic methods of inbreeding estimation for captive eastern 
Otago skink, Oligosoma otagense. A) Homozygosity by loci (HL), n = 102. B) Internal relatedness 
(IR), n =102. 
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2.4.4. Loci Validation 
HHC tests revealed that the majority of comparisons had only a small positive correlation 
between loci when using either IR or HL as a measure of inbreeding (see Figure 5). HL 
showed a correlation across loci of only 0.18 ±0.0004 SE, with internal relatedness showing a 
similar correlation across loci of 0.15 ±0.0004 SE. 
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Figure 5 Histogram of heterozygosity-heterozygosity correlation (HHC) results for all loci in the 
captive eastern provenance Otago skink, Oligosoma otagense, genotype dataset (n = 9). A) HHC 
based on homozygosity by loci (HL). B) HHC based on internal relatedness (IR). 
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2.4.5. Survival Analysis of Captive EOS 
Given the poor HHC results and the high rates of genotyping error in the molecular dataset 
(see above), genetic data were not considered informative of inbreeding occurrence and 
further analyses using these data are not shown here. For completeness the genetic data 
analysis and results are provided in Appendix X. The median survival time for captive-born 
EOS based on pedigree information was 13 years (8 – 17 years 95% CI; see Figure 6), with a 
maximum survival time of 25+ years recorded (this individual is still alive at the time of 
writing).  
 
 
Figure 6 Survival probability curve for all those individuals under study in the captive eastern 
provenance Otago skink, Oligosoma otagense, population based on the pedigree-based inbreeding 
dataset. Median survival time (0.5 survival probability dashed line) is 13 years (8 - 17 95% CI; n 
=206).  
 
The global pedigree-based model and its components satisfied the proportional hazards 
assumptions (see Appendix IV). Full-averaged model outputs consisted of the top eight 
models and excluded the null model (see Table 4). Increasing measures of inbreeding 
(individual ƒ, sire ƒ or dam ƒ) were found to have no significant impact on individual 
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survival (see Table 5). Increasing dam age appeared to have a beneficial effect on survival, 
but this was not significant. In contrast, increasing sire age at conception was shown to have a 
significant, strongly negative impact on individual survival probability (HR = 1.83, P = 
0.002, n = 206; see Figure 7). 
 
Table 4 Candidate model set used for full model averaged outputs from pedigree-based survival 
models for captive eastern provenance Otago skink, Oligosoma otagense.  
Model Components Df logLik Delta Weight 
Dam Age + Sire Age 11.96 -374.75 0 0.32 
Dam Age + Sire Age + Individual ƒ 13.04 -374.06 1.46 0.15 
Dam Age + Sire Age + Dam ƒ 12.58 -374.89 1.62 0.14 
Dam Age + Sire Age + Sire ƒ 12.7 -374.71 1.62 0.14 
Dam Age + Sire Age + Individual ƒ + Dam ƒ 13.55 -374.35 3.03 0.07 
Dam Age + Sire Age + Individual ƒ + Sire ƒ 13.73 -374.07 3.04 0.07 
Dam Age + Sire Age + Dam ƒ + Sire ƒ 13.34 -374.81 3.24 0.06 
Sire Age 12.61 -375.15 3.84 0.05 
 
Table 5 Model-averaged hazard ratio estimates from pedigree-based survival models for the captive 
eastern provenance Otago skink, Oligosoma otagense population.  
*Wi refers to the relative weights of model predictor variables.  
** Wald’s p statistic. 
  
Factor Hazard Ratio [exp(β)] SE Z Value Pr(>|z|)** Wi* 
Sire Age 1.083 0.025 3.164 0.002 1 
Dam Age 0.957 0.026 1.680 0.093 0.95 
Individual ƒ 1.004 0.010 0.369 0.712 0.29 
Dam  ƒ 1.001 0.007 0.074 0.941 0.27 
Sire  ƒ 1.001 0.011 0.091 0.928 0.27 
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Figure 7 Observed hazard ratios for pedigree-based predictor variables on the survival of captive 
eastern provenance Otago skink, Oligosoma otagense. Hazard ratios greater than 1 indicate a 
predictor variable is responsible for decreasing the probability of survival in an individual, hazard 
ratios less than 1 indicate a predictor variable is responsible for increasing the probability of survival in 
an individual, a hazard ratio of one indicates no effect (n = 206). Error bars indicate 95% confidence 
intervals. 
 
2.5. Discussion 
The captive EOS population was found to have pedigree-derived estimates of individual ƒ 
that were higher than many of those previously reported in other inbred populations of New 
Zealand fauna (Lettink et al., 2002; Jamieson et al., 2007, 2008; Townsend and Jamieson, 
2013, but see Weiser et al., 2016). This high population-wide individual ƒ is likely reflective 
of the combination of the small number of founders within the population (n = 13), the lack 
of adequate information on individual ancestry provided to breeders with EOS, the absence of 
centralised coordination in the programme during its initial founding phases, and the 
occurrence of deliberate inbred matings because stocks were limited, to replace those 
individuals lost over time (Dennis Keall, pers comm. 2014, private Otago skink breeder). 
However, despite high mean individual ƒ, 48.7% of individuals in the living captive EOS 
population (n = 82) have no evidence of inbreeding in their pedigree ancestry, this is likely 
due to a few unrelated pairs of skinks that contributed highly to the captive population (see 
Chapter 2: Determining the effect of inbreeding occurrence on survival in captive Otago skink  
 
30 
Appendix X), and to a small number of unrelated stock that were introduced to the 
programme from the wild Macraes population in 2008. This finding supports the use of the 
captive EOS population as a potential source of suitable reintroduction candidates and/or 
further captive breeding stock.  
To accurately predict the strength of inbreeding depression impacting on fitness traits a 
suitable statistic of inbreeding occurrence must be available (Balloux, Amos and Coulson, 
2004; Alho et al., 2009). In this chapter, HHC tests showed that changes in the homozygosity 
of molecular estimates of inbreeding (IR and HL) were not informative of inbreeding 
occurrence. Instead, increasing homozygosity was likely influenced by genotyping error as a 
result of the original genotyping dataset lacking satisfactory quality assurance tests (Julia 
Allwood, pers. comm. 2014, Ecogene; Hoffman & Amos 2005). Similarly to Pemberton 
(2004), individuals in this study with the same individual ƒ had largely different molecular 
estimates of inbreeding (see Figure 4), contributing to a weak relationship between the two 
molecular estimates of individual inbreeding occurrence used here (HL and ƒ r
2
 of 0.18 
±0.0004 SE, IR and ƒ r
2
 of 0.15 ±0.0004 SE). This result highlights the need for careful 
investigation of genetic datasets, as some errors cannot be easily identified using traditional 
exact tests (Hoffman and Amos, 2005). Similarly, undertaking appropriate quality assurance 
tests is critical when producing robust datasets for genetically-based research and population 
management. The significant failings in the original genetic dataset precluded my ability to 
compare the usefulness of genetically-based estimates and pedigree-based estimates in the 
study of inbreeding depression. However, pedigree-derived ƒ was found to be fairly robust, as 
genetic confirmation could be used to improve the certainty of some pedigree relationships 
and estimates of ƒ in a way that could not be achieved in the genetic dataset with the existing 
limitations (e.g., deceased individuals could not be re-typed if no carcass or other genetic 
sample was ever preserved). Future genetic management and studies of inbreeding in the 
captive EOS population should use validated pedigree data to gain accurate estimates of ƒ, 
rather than rely solely on molecular inferences of inbreeding without robust quality assurance 
and error testing measures in place (see Kennedy, et al. 2013 and McLennan, et al. 2018 for 
examples). 
Survival of captive-bred EOS was not found to be related to inbreeding occurrence, as no 
relationship was present between increasing pedigree-based coefficients of individual ƒ, dam 
ƒ, or sire ƒ and hazard ratio outputs. This result supports the decision to omit inbreeding from 
the population forecasting models, but does not confirm the absence of inbreeding depression 
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in Otago skinks. Previous studies of endemic New Zealand lizard species have found 
increasing genetically-based inbreeding occurrence estimators were not related to improved 
fitness following translocation (Miller et al., 2011). However, as indirect surrogates of 
performance were used, the effect of increasing heterozygosity, in itself also a surrogate for 
actual inbreeding occurrence, and individual survival and fitness may not be accurate (Miller 
et al., 2011). Other studies of captive populations have shown the effects of inbreeding 
depression to be reduced in captivity due to benign captive conditions (Ralls, Ballou and 
Templeton, 1988; Jiménez et al., 1994; Kalinowski and Hedrick, 2001; Bilski, Pie and 
Passos, 2013) and a small standard error is required to accurately identify inbreeding due to 
its weak relationship with survival, requiring a larger dataset (Slate 1994, Kalinowski & 
Hedrick 2001). The standard error for ƒ
I
 in this study may have been inflated by the 
imprecision of inbreeding coefficients given founder assumptions (Jones et al., 2002; 
Russello and Amato, 2004), or through the actions of veterinarians (e.g., nursing individuals 
which would have otherwise died (Glatston and Roberts, 1988), or other unquantifiable 
influences on survival, such as cage-mate aggression, making survival times less useful as a 
measure of inbreeding’s effects in captivity. Moreover, inbreeding may be impacting fitness 
traits that were not studied in this analysis, such as mate monopolization or social dominance 
(Cain et al., 2014). 
Although little is known about the effects of aging on reproductive quality in reptiles, 
changes in offspring quality with increasing parent age have been documented in several 
other vertebrate species (e.g., yellow seahorse, Hippocampus kuda, and mice, Mus musculus, 
Dzyuba et al., 2006; Crow, 2012; Xie et al., 2018). My results showed that increasing sire 
age had a strongly negative effect on the survival probability of offspring in captive EOS (HR 
= 1.83, P = 0.002, n = 206). This result supports the idea that male Otago skink may 
experience a reduction in reproductive quality with increasing age. This may be due to 
degradation of the male germ line over time, as has been found to occur in other vertebrate 
species (Crow, 1997), or it may be due to other factors such as selfish mutations (Whelan et 
al., 2016).  
Interestingly, the captive EOS population has high allelic diversity, despite the low number of 
founders and inbreeding occurrence (average number of alleles per locus = 11.89; average 
observed locus heterozygosity, Ho = 0.548), with many alleles identified occurring at a low 
frequency (33% of alleles were present in <0.4% of the captive population after single bp 
error fixes). This high allelic diversity is likely due to the captive population being founded 
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by individuals from two distinct eastern populations from the Macraes area and the 
Middlemarch area; a suggestion previously made by Chapple et al. (2012) given 
mitochondrial haplotype diversity in the captive population. Significant admixture has 
occurred in captivity with individuals of known or suspected Middlemarch origin more 
strongly represented (see Figure 8) 
 
 
Figure 8 Current living representation of founder sources in the captive eastern provenance Otago 
skink, Oligosoma otagense, population (n = 82). * A number of founders are of poorly documented 
origin, but it is likely based on some information available that they are from Sutton/Middlemarch 
originally.**Some hybrids would only be considered hybrids based on the suspect Sutton origin 
individuals being true and are kept separated from other confirmed hybrids. 
 
This admixture raises two main issues. Firstly, hybrids between the two populations may 
have greater survival than non-hybrids due to heterosis (Coltman, Bowen and Wright, 1998), 
or lower survival due to outbreeding depression (Lynch, 1991). Secondly, as the IR method 
scores those individuals that have many rare alleles to be less inbred than individuals with 
more common alleles, admixed individuals are scored to be less inbred than purebred 
individuals with similar individual heterozygosity. Given the high number of confirmed 
hybrids in the population (see Figure 8), IR is not an appropriate method to use in the 
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estimation of inbreeding occurrence, and this may explain the weaker relationship between 
pedigree-derived ƒ and IR. In moderately heterozygous populations (specifically populations 
with an He ≥ 0.4 - 0.6; Aparicio et al. 2006), HL is considered to be a better method to use in 
estimating inbreeding than IR (Aparicio, Ortego and Cordero, 2006). Overall, caution should 
be used when applying either the IR or HL method to determine inbreeding estimates in a 
population where admixture is occurring, and extensive validation should be undertaken to 
justify the use of either method before interpreting results based on them (Pemberton, 2004). 
Further work should be carried out to confirm the origin of suspect founders to explore the 
possible effects of hybrid vigour on survival of captive EOS. 
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3.1. Introduction 
 3.1.1.  Population Bottlenecks and Genetic Diversity Retention  
Population bottlenecks (an abrupt restriction in population size, see Frankham, Ballou and 
Briscoe, 2010) can significantly reduce genetic diversity via a stochastic loss of alleles during 
a bottleneck event, and for some time after the event due to the impacts of small population 
size (Nei, Maruyama and Chakraborty, 1975; Cammen et al., 2018). Despite 
recommendations that captive breeding programmes start before threatened populations in 
situ become small (IUCN/SSC, 1987; Frankham et al., 1999), captive populations are 
frequently founded on only a few individuals (Hedrick, 1992; Frankham, Ballou and Briscoe, 
2010). This bottleneck can cause significant challenges to maintaining genetic diversity that 
is representative of the source population within the captive-bred stock, reducing the 
suitability of captive-bred individuals for translocation to the wild (Frankham et al., 1986, 
1999; Bijlsma, Bundgaard and Boerema, 2000). However, careful planning prior to the 
establishment of a captive population can help avoid these issues by providing guidance on 
the minimum founder propagule size necessary to maintain a predefined level of genetic 
diversity (IUCN, 2014). 
3.1.2.  Population Viability Analysis and Founder Population Size 
Population viability analysis (PVA) predicts the change in a population through time using 
models based on predefined stochastic and demographic rates which mimic the species or 
population of focus (Beissinger and McCullough, 2002). PVA can be carried out using 
specialised software (see RAMAS
®
 Metapop, http://www.ramas.com/metapop, or VORTEX, 
Lacy 1993), or R packages (see AlleleRetain; Weiser et al. 2012, or popbio; Stubben & 
Milligan 2007), and they have been used to forecast changes in both in situ and ex situ 
populations (Bustamante, 1998; Towns and Ferreira, 2001; Chilvers, 2012; Weiser, Grueber 
and Jamieson, 2013; Dolman, Collar and Burnside, 2018). The modelling process undertaken 
by PVA is repeated many times to give probability estimates of specific management 
information, such as extinction risk, final population size, inbreeding occurrence or genetic 
diversity retention. As the demographic rates of threatened species are often poorly known, 
species with similar life history traits have been used to generate possible management 
scenarios where specific vital rates for the species of focus are lacking (Keedwell, 2004). 
Chapter 3: Optimal founder group sizes to maintain genetic diversity in captive Otago skink 
 
36 
By evaluating the effects of differing management scenarios on the probability of achieving 
specific population parameters, PVA can support the achievement of long-term management 
outcomes in captive breeding programmes (IUCN, 2014; Dolman et al., 2015). While 
undertaking PVA can be time consuming and data intensive, the development of management 
plans that are supported by prior probabilities of success ensures that resources used on such 
programmes are justified (Keedwell, 2004; Dolman et al., 2015). Failing to undertake 
adequate planning prior to a captive breeding programme’s establishment can result in 
allocation of resources to a programme that doesn’t achieve its intended goals (as 
demonstrated in the management of the Key Largo wood rat, Neotoma floridana smalli, 
captive population; McCleery et al. 2014). However, while PVA can provide good support 
for specific management actions, they are limited by the accuracy of the demographic and 
stochastic rates that are used to build them (Brook et al., 2000). Despite this, appropriate 
caution should be applied to the use of PVA to ensure population management decisions 
based on them are reasonable (Ellner et al., 2002).  
3.1.3. Thresholds of Genetic Diversity Retention in Captive Populations 
The success of many captive breeding programmes lies in their ability to produce captive-
bred stock that can successfully contribute to resilient in situ populations (Soulé et al., 1986). 
Allelic diversity is important for population persistence, as it is the essential componentry 
that allows a population to adapt to future changes (Bijlsma and Loeschcke, 2012). 
Conserving high allelic diversity is therefore a frequent management objective in threatened 
species programmes. Rare alleles may be particularly important to conserve due to their 
potential links to increased disease resistance. Such alleles are often thought to occur at a 
frequency of 5% in a normal, non-threatened population, and are regarded as selectively 
neutral (Macnair, 1997; Frankham, Ballou and Briscoe, 2010; Bijlsma and Loeschcke, 2012). 
While a captive population that conserves as many alleles in the source population as possible 
would be favourable (Ralls and Ballou, 1986; Soulé et al., 1986), this is often not possible 
given constraints on harvesting individuals from the source population, or the physical limits 
of keeping many individuals in captivity. Instead, thresholds of acceptable genetic diversity 
retention must be used to predict applicable management scenarios using PVA methods, 
ensuring captive populations capture and retain high levels of genetic diversity through time, 
while also balancing the limited resources of maintaining individuals in captive populations 
and the effects of harvest on in situ populations (IUCN, 2014). While it is acknowledged that 
proposed thresholds of genetic diversity retention are arbitrary, they provide a reasonable 
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management goal to aim for in order to ensure population persistence (Soulé et al., 1986). A 
variety of closely related thresholds are often cited in the literature, with 90% retention over 
200 years (Soulé et al., 1986), 90% retention over 100 years, or 10 generations (Frankham, 
Ballou and Briscoe, 2010), or a 95% probability of rare allele retention (alleles at a frequency 
of less than 0.05 in a population; Marshall and Brown, 1975) common metrics of success.  
The founding phase of a new captive population can often be a significant genetic bottleneck, 
because a future captive population’s genetic diversity will be entirely represented in those 
founder individuals (Russello and Amato, 2004). Given this, founder population size is a 
critical management point to focus on in order to improve the retention of genetic diversity 
within a captive breeding programme (Frankham, Ballou and Briscoe, 2010). PVA programs 
have been used previously to determine the optimal founder propagule size necessary to 
achieve specific population management goals (Bustamante, 1998), with programs like 
VORTEX allowing complex input and output using the program’s unique user-interface 
language (Lacy and Pollak, 2014). 
3.2. Chapter Aims 
Captive breeding programmes for New Zealand lizards should aim to define the minimum 
founding population size required to successfully enable the retention of representative in situ 
genetic diversity within captive populations for the duration of the breeding programme, as 
this is a critical period of genetic diversity loss. By doing so, captive programmes should be 
more likely to produce release stock that contributes to successful, resilient populations upon 
reintroduction to the wild. In this chapter, I show how PVA can be used to guide management 
to ensure the retention of in situ genetic diversity in future captive populations of New 
Zealand lizards. I use the captive EOS population as an example of a typical large, threatened 
endemic lizard to achieve these specific aims: 
1. To define the minimum number of individuals necessary to found a captive 
population that maintains rare alleles found in the source population with at least a 
95% probability of persistence for 20 or 100 years without reciprocal transfer of 
individuals between the captive and source populations. 
 
2. To identifying the probability of rare allele retention in current EOS captive 
population stock, 
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The identification of the appropriate founder population sizes necessary for long-term genetic 
diversity retention in the captive EOS population could be used to support the successful 
implementation of captive populations for other threatened lizards with similar life history 
traits, such as WOS, robust skink (O. alani), or Whitakers skink (O. whitakeri).  
3.3. Methods 
3.3.1. Minimum Number of Founders to Allow Persistence of Rare Alleles 
To determine the minimum number of founders required to retain rare alleles found in the 
source population with a <95% probability of persistence to the end of a 20 and 100 year 
period in a newly founded captive population, I constructed a series of individual-based, 
stochastic population models using the program VORTEX version 10.1.0.0 (Lacy and Pollak, 
2014). These models consisted of two spatially separate populations; a donor population 
representing EOS in situ, and a recipient population representing the new captive population 
to be founded. Reported population estimates for EOS in situ have fluctuated over time with 
recent estimates of 250-1,000 adults reported by Hitchmough et al. (2016). The donor 
population was created to initially have 1,000 individuals of a stable age structure, to model 
current best-case population estimates. No individuals were initially present in the recipient 
population. 
To simulate the founding of a new captive population from the donor population, I 
constructed seven scenarios with founder translocation sizes of 20, 30, 40, 50, 60, 70, and 80 
(five year old) individuals of an even sex ratio. Individuals translocated to the recipient 
population were subject to an initial translocation survival rate of 91.7%, as identified in 
previous, well-documented translocations of EOS into captivity (see Appendix X). 
Stochastic population change through time was modelled by simulating individual 
reproductive and mortality rates experienced by EOS in captivity. Where possible, all 
demographic rates used to construct simulated individual parameters within the modelled 
populations were based on captive-born individuals. Only captive-born individuals were used 
in age-related demographic rates, as founder ages were unknown. Model scenarios used a 
monogamous breeding system, where breeding males were assigned to mate with a randomly 
selected female every year. Typically only one female is housed with one male at a time to 
reduce conspecific aggression and improve pedigree accuracy within the EOS captive 
population. Random breeding was deemed to be an appropriate system to use in long-term 
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model simulations as little coordinated effort has been made to specifically maintain genetic 
diversity in captive EOS populations. 
Age at first reproduction was defined at five years old for individuals of both sexes within the 
model as this is the median age at first reproduction among captive-born EOS (see Appendix 
X). Although EOS in captivity are capable of breeding at three years of age (see Appendix X: 
Demographic and Genetic Descriptions of The Current Captive Eastern Provenance Otago 
Skink, Oligosoma otagense, Studbook.), the median age of first breeding is considered to be a 
more appropriate metric to use in population models (Lacy, Miller and Traylor-Holzer, 
2014). The maximum age at which an individual could breed within the model was defined as 
25 years for males and 19 years for females based on captive-born records (see Appendix X: 
Demographic and Genetic Descriptions of The Current Captive Eastern Provenance Otago 
Skink, Oligosoma otagense, Studbook.).  
The mean proportion of reproductive-age females observed to breed in the captive EOS 
population in any one year was defined as 22.27 (± 0.53 % SE) based on captive-bred 
individuals. Individuals that successfully bred within the modelled population were restricted 
to a maximum of only one litter per breeding year (minimum inter-birth interval of c. 300 
days defined; see Appendix X: Demographic and Genetic Descriptions of The Current 
Captive Eastern Provenance Otago Skink, Oligosoma otagense, Studbook.), with litter size 
based on the probability distribution of litter sizes produced by all dams in the captive EOS 
population previously (see Appendix X). All litters produced in the model had a 1:1 sex ratio. 
Annual mortality rates (Caughley, 1994) experienced by individuals in the model were based 
on age-specific annual mortality rates obtained from survival analysis of the captive EOS 
population (see Chapter 2). Annual mortality rates (see Table 6) were defined by regressing 
the cumulative survival probability to any one year of age over the cumulative survival 
probability of the previous year of age to give the interval mortality rate experienced by 
individuals between those ages (Rich et al., 2010). Individuals within the model had a 
maximum lifespan of 25 years as per captive bred EOS records, with any individuals 
surviving to this age removed from the population in the following model year. While captive 
EOS have been recorded to live longer than 25 years, these records are based on wild caught 
animals and their age cannot be verified. 
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Table 6 Age-specific mortality functions defined by survival analyses for captive eastern provenance 
Otago skink, Oligosoma otagense, in Chapter 3.  
Age Class* Cumulative Survival Probability Annual Mortality Probability  
0-1 0.9069 0.0931 
1-2 0.8437 0.0632 
2-3 0.7827 0.0610 
3-4 0.7279 0.0548 
4-5 0.6882 0.0397 
5-6 0.6501 0.0382 
6-7 0.6276 0.0225 
7-8 0.5819 0.0456 
8-9 0.5337 0.0482 
9-12 0.5202 0.0135 
12-13 0.5037 0.0164 
13-14 0.4381 0.0656 
14-15 0.4169 0.0212 
15-17 0.3961 0.0208 
17-20 0.3222 0.0739 
20-25 0.2613 0.0609 
* Age class intervals vary given the intervals identified by the original Kaplan-Meier analysis. 
 
Carrying capacity within the captive population was defined arbitrarily at a best case scenario 
of 300 individuals. Carrying capacity was modelled by limiting breeding among random pairs 
to maintain the population at, or just below, the specified carrying capacity. This is a common 
approach used in the responsible management of captive animal populations worldwide 
(Ballou et al., 2010).  
To quantify the probability of rare allele capture in each of the scenarios, I randomly assigned 
each of the 1,000 individuals in the donor population a hypothetical locus with five alleles of 
differing population frequencies using the genetic functions in VORTEX. The designated 
‘rare’ allele was assigned an initial population frequency of 5%, based on published estimates 
that selectively-neutral alleles that are potentially necessary for evolution are likely to be at a 
low frequency (c. 5%) in a population’s gene pool (Macnair, 1997; Frankham, Ballou and 
Briscoe, 2010; Bijlsma and Loeschcke, 2012). A gene dropping procedure was used to model 
the persistence of alleles through generations. Hypothetical alleles were passed on from 
parents to offspring via Mendelian inheritance, with offspring genotypes containing a random 
mixture of both parents alleles (MacCluer et al., 1986). To gain 95% confidence intervals for 
the probability of rare allele persistence, models were run for 10,000 iterations. An output file 
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of all living individual’s genotypes at the end of each model scenario iteration was created by 
VORTEX, with allele frequencies and persistence for each scenario summarised over all 
10,000 iterations (see Table 7). Successful rare allele retention was defined as at least a 95% 
probability of persistence to the end of 20 year and 100 year period. No catastrophic events 
were modelled in any scenario, as data were insufficient to include catastrophe frequency or 
likelihood in simulated populations.  
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Table 7 Parameters used in building long-term population forecasting models to determine the 
minimum founding propagule size necessary to retain rare alleles from the source population in a 
captive population with a 90% probability of persistence in Otago skink, Oligosoma otagense.   
Parameter Description  Value Used Source  
Donor Population (Wild EOS Population) 
Rare allele Population 
Frequency  
       5% 
(Macnair, 1997; Frankham, Ballou and 
Briscoe, 2010; Bijlsma and Loeschcke, 2012) 
Size of donor population  1,000 (Hitchmough et al., 2016) 
Translocation Parameters 
Total number of founders 
translocated 
20, 30, 40, 50, 60, 70, 
80  
Sex ratio of founders 1:1  
Initial translocation 
survival rate 
91.7% 
Based on captive records see 
Appendix X 
Demographic Parameters 
Mating system  Monogamous  
Reproductive age range 
♂ (years) 
5-25 
Based on captive born records see 
Appendix X 
Reproductive age range 
♀ (years) 
5-19 
Based on captive born records see 
Appendix X 
Maximum lifespan 
(years) 
25 
Based on captive born records see 
Appendix X 
Maximum number of 
broods per year 
1 
Based on captive born records see 
Appendix X 
Reproductive females 
breeding annually (%) 
22.27 ± 0.53 SE 
Based on captive born records see 
Appendix X 
Litter Size probability  
1 
2 
3 
4 
5 
6 
 
31.9% 
27.7% 
27.7% 
6.4% 
5.3% 
1% 
Based on captive born records see 
Appendix X 
Sex ratio at birth 1:1 
Based on captive born records see 
Appendix X 
      Mortality rates   
See  
Table 6 
See Chapter 2 
Carrying capacity 300  
Model Scenario Settings 
Iterations 10,000  
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3.2.2. Rare Source Allele Persistence in the Current Captive EOS Population 
To determine the probability of rare source allele persistence in the current living EOS 
captive population, I created stochastic population models in VORTEX to simulate the 
translocation of five founders from a donor population to a recipient captive population with 
no additional translocation mortality or reproduction in the founder group. This initial 
founder group size was approximately equivalent to the current living EOS population’s 
founder genome equivalent (FGE) of 5.08. FGE is a measure of the number of unrelated wild 
individuals that would be required to capture a range of genetic diversity equivalent to the 
current living captive population given genetic relationships and unequal breeding success 
between founders (Lacy, 1989). FGE was considered to be the best metric to use in 
determining rare allele retention given complex, multigenerational inbreeding and unequal 
founder contributions within the current EOS captive population.  
Initial population sizes and age structure were identical to the previous models (see Section 
3.2.1.), but no demographic or reproductive rates were used as the number of founder genome 
equivalents already took into account genetic changes experienced in the population through 
time. Again, all individuals in the source population were assigned a hypothetical locus with 
alleles of a specific population frequency, with the rare allele modelled to have an initial 
population frequency of 5%. Models were run for 10,000 iterations to gain 95% intervals for 
the probability of rare allele persistence in the recipient population (see Table 8). 
Table 8 Model parameters used in determining the persistence probability of rare alleles found in the 
source population in the current EOS population 
Parameter Description Value Used (SE) Source 
Donor Population (Wild EOS Population) 
Rare Allele Population Frequency 5% (Macnair, 1997; 
Frankham, Ballou and 
Briscoe, 2010; Bijlsma 
and Loeschcke, 2012) 
Size of Donor Population  1,000 (Hitchmough et al., 2016)  
Translocation Parameters 
Number of founder individuals 
translocated between populations 
5 Equivalent to population 
FGE 
Sex ratio of founders 1:1  
Individual Survival Rate Immediately 
After Translocation 
Not imposed FGE takes into account 
genetic changes 
Model Scenario Settings 
Iterations 10,000  
Years run  1 (365 days)  
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3.4. Results 
3.4.1. Minimum Founding Population Size Required to Allow Persistence 
of Rare Alleles 
Population extinctions occurred in some model scenarios for both the 20 year and 100 year 
scenarios, but these were limited to the 20 and 40 founder models in the 20 year scenarios, 
and the 20 and 30 year models in the 100 year scenarios (see Table 9). The mean time to 
extinction was later in those 100 year models that experienced extinction (33.21 years and 
38.33 years) than in 20 year models (17.11 years and 20 years).    
 
Table 9 Model output summaries for eastern Otago skink, Oligosoma otagense, populations modelled 
over variable time periods with different founder population scenarios.  
Initial 
Founders 
Mean 
Extant 
Probability* 
SE Extant 
Probability  
Mean N SE 
N 
Mean Time to 
extinction 
(Years) 
SE Time to 
extinction 
(Years) 
20 Years 
20 0.9991 3.00E-04 74.08 0.40 17.11 0.79 
30 1 - 109.08 0.52 - - 
40 0.9999 1.00E-04 144.77 0.62 20 0** 
50 1 - 178.7 0.67 - - 
60 1 - 207.67 0.67 - - 
70 1 - 230.91 0.62 - - 
80 1 - 250.48 0.55 - - 
100 Years 
20 0.9933 8.00E-04 287.13 0.15 33.21 1.77 
30 0.9994 2.00E-04 287.09 0.13 38.33 5.53 
40 1 - 286.72 0.14 - - 
50 1 - 287.06 0.13 - - 
60 1 - 286.8 0.13 - - 
70 1 - 286.97 0.13 - - 
80 1 - 286.97 0.13 - - 
* Extant probability refers to the probability that extinction will not occur over all model iterations (n = 10,000). 
** Only 1, of the 10,000 scenarios went extinct so no standard error estimate is applicable. 
 
Final population sizes did not reach carrying capacity in 20 year scenarios, whereas those in 
the 100 year models did, experiencing limitation once the population neared 300 individuals 
(see Figure 9).  
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Figure 9 Mean population sizes for all model scenarios given changes in initial founder population 
size. A) 20 year model scenarios, B) 100 year model scenarios.  
 
Given the demographic rates modelled, in 20 year scenarios at least 60 founders of an even 
sex ratio would be required to ensure the rare allele was retained in the final population with 
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greater than 95% persistence. In all 100 year scenarios, the rare allele could not be retained in 
the final population with greater than 95% persistence, irrespective of initial founding 
population size (see Figure 10). 
 
 
Figure 10 Change in the probability of rare allele persistence in population models for Otago skink, 
Oligosoma otagense, in captivity. Persistence probabilities modelled for 20 and 100 year periods over 
10,000 iterations.   
 
3.4.2. Rare Source Allele Persistence in Current EOS Populations in 
Captivity 
Given current relationships within the living captive EOS population (FGE = 5.08), model 
simulations indicated there was only a 40.1% chance that rare alleles present in the source 
population would be present in the living captive EOS population.  
3.5. Discussion 
Understanding the impact of founder population size on the retention of rare alleles within a 
captive population is necessary to guide the successful management of those programmes 
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aiming to support reintroductions using captive-bred stock (Frankham, Ballou and Briscoe, 
2010). Here I identified that at least 60 founder individuals of an even sex ratio would be 
required to maintain a population of EOS that retained rare alleles found in the source 
population to the end of 20 years in captive, with a 95% probability. This result is larger than 
other estimates of the optimal number of founders required to ensure high genetic diversity is 
maintained within captive populations (Witzenberger and Hochkirch, 2011). A single harvest 
of 60 individuals from a threatened, in situ population may be larger than what can be carried 
out without causing a significant impact on the viability of the remaining in situ population. If 
this is the case, a number of smaller harvests may be required to reach the desired number of 
founder individuals. I also showed that rare alleles found in the source population were 
unlikely to be retained in captivity to the end of a 100 year period through a single one-off 
harvest of EOS, irrespective of the initial founder population sizes modelled here. In these 
long-term cases, some reciprocal transfer of individuals between the source and captive 
populations may be required to maintain rare alleles within the captive population. However, 
this presents a disease risk to both the source and the captive population, and rigorous disease 
screening of any reciprocally transferred animals would need to be undertaken to ensure that 
novel pathogens are not introduced to either population (Viggers, Lindenmayer and Spratt, 
1993). It should also be noted that the likelihood of retaining rare alleles within a wild 
population is currently unknown, as we know little about the population dynamics of most 
lizard species in situ.  
Although the captive EOS population retains a large amount of the founders’ genetic 
diversity (90.14% founder diversity retention; see Appendix X), it is unlikely to be 
genetically representative of the wild source given the low, 40.1% probability of rare, source 
populations allele persistence within the captive population. This result is due to the small 
founding population size and unequal founder representation in the captive EOS population 
(see Figure 11) leading to a low FGE of only 5.08 for a population of 83 living individuals. 
Consequently, this captive population would be unlikely to provide insurance against in situ 
population failures, a goal defined in this population’s species management plan (Norbury et 
al. 2008) and captive management plan (Collen, Reardon and Tocher, 2009). This is because 
the low probability of rare allele persistence means the captive population is unlikely to be 
genetically comparable to in situ populations. Additional in situ individuals would need to be 
added to the captive population to reach the management objectives defined in Norbury, 
Reardon and McKinlay (2008) and Collen, Reardon and Tocher (2009). This result highlights 
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the unclear definitions of success in genetic management of species in captivity, as 
population management programs (such as PMx; Lacy, Ballou and Pollak, 2012) and 
published studies (Rabon and Waddell, 2010) would define this population as successful 
given the low genetic diversity loss of the current population relative to the founder 
population, rather than the in situ source population.  
 
 
Figure 11 Founder representation in the living Otago skink, Oligosoma otagense, population. * MO 
(mate of) denotes pseudo founders from the wild population where females were taken into captivity 
while gravid. † Denotes those founders which have not contributed to the living population at the time 
of this dataset analysis (2014). 
 
These findings are significant for threatened lizard management in New Zealand, as they 
provide a baseline estimate of how many individuals may be required to start a captive 
breeding programme which retains rare genetic diversity for many large, threatened species 
with similar life histories to the captive EOS studied here (such as Scree skink, O. 
waimatense, and robust skink, O. alani). Future studies using similar methods to those 
demonstrated here should ensure that the effects of uncertain demographic and stochastic 
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estimates used to create any population forecasting models are explored, and that any outputs 
applied to species management acknowledge sources of potential uncertainty.  
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4.1. Discussion 
This thesis aimed to define the minimum founder population size necessary to retain 
representative, rare alleles within a long-term captive population of a threatened lizard 
species using the EOS population as an example of how such work could be undertaken. The 
outcomes of this worked example could be used to improve the development of management 
guidelines aimed at retaining reasonable thresholds of genetic diversity within captive 
breeding programmes for other threatened lizard species. Here I discuss the results of this 
work within the wider context of the management of Otago skink and other threatened 
species programmes, with future research possibilities also discussed. 
4.1.1. Inbreeding Depression in a Captive New Zealand Lizard Population 
This study is the first to attempt to quantify the effects of inbreeding depression acting on the 
survival of a New Zealand lizard species in captivity, and adds to a growing literature 
exploring the potential occurrence of inbreeding depression acting on New Zealand lizard 
fauna (Berry, 2006; Miller et al., 2011). Although inbreeding occurrence was not found to 
significantly impact survival of captive EOS in this study, the intensity of the effect of 
inbreeding depression is dependent on both the environmental conditions experienced by an 
individual, and the underlying genetic loads present (Pray et al., 1994; Keller and Waller, 
2002; Armbruster and Reed, 2005). Consequently, the effects of inbreeding depression acting 
on EOS survival may be more detrimental under in situ conditions, and inbred captive stock 
may have a lower probability of survival upon release to the wild, reducing the value of these 
individuals as insurance stock. Further research is necessary to quantify the potential effects 
of inbreeding occurrence acting on fitness in a wild population of EOS, and on captive-bred 
inbred individuals released into a wild setting. Additionally, traits that influence reproductive 
success, such as fertility (Grueber et al., 2010), parasite resistance (Coltman et al., 1999; 
Cassinello, Gomendio and Roldan, 2001), and home range size (Cain et al., 2014), may also 
be either directly or indirectly subject to inbreeding depression in this species. Continued 
research into the effects of inbreeding on these fitness components should be undertaken to 
attempt to create a more precise estimate of the effects of inbreeding occurrence acting on 
overall fitness to further improve any future population forecasting models used for this 
species’ management. 
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4.1.2. Minimum Founders Propagule Size Required For Genetically Viable 
Captive Breeding Programmes of New Zealand Lizards 
This study is the first to attempt to define the minimum founder propagule size necessary to 
retain rare allelic diversity within a captive population of a New Zealand lizard species over a 
predefined time frame. While a minimum founder population size of 60 individuals may be a 
large initial harvest from a wild population, the justification for undertaking such a harvest is 
valid if it ensures the resources invested into the proceeding captive population are 
reasonable. As previously discussed, the one-off harvest of 60 individuals from a threatened, 
in situ population should be carefully considered so as not to cause significant long-term 
impacts to the remaining individuals in situ. A number of smaller translocations may be 
required to reach the recommended number of founders necessary to maintain representative 
genetic diversity in the ex situ population with the least impact on the viability of the original 
in situ source population (Weiser, Grueber and Jamieson, 2013). It is also likely that small, 
threatened populations may have already experienced a loss of rare alleles, in which case 
many more founders would be required to ensure a diverse and representative captive 
population is achieved.  
Many translocations in New Zealand have fewer founder individuals than what was found to 
be optimal for rare allele retention here (Miller, Bell and Germano, 2014). However, while 
small founder group sizes were not related to translocation success in the study by Miller, 
Bell and Germano (2014), the period over which success was defined may have been limited, 
and those populations that had low levels of genetic diversity may not have yet showed any 
fitness impacts as a consequence of environmental stochasticity. While maintaining rare 
alleles within a captive population does not guarantee reintroduction success, the potential 
shortcomings of not retaining sufficient diversity within those release groups have been 
extensively documented (Bijlsma and Loeschcke, 2005). While there is little published 
information available on captive breeding programmes for New Zealand reptiles, other 
programmes involving Whitaker’s skink and robust skink have been founded by many fewer 
individuals than the minimum number defined in this study; 16 founders in the Whitaker’s 
skink captive population, and a total of 20 individuals (it is unclear if these are founders or 
captive bred progeny, but likely a mix of the two) in 1992 in the robust skink captive 
population (Towns, 1992).  
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Founder population size is not the only factor that impacts on the retention of genetic 
diversity within a captive population, with other factors such as unequal founder contribution, 
unequal sex ratios, or significant inbreeding depression also impacting on the retention of 
genetic diversity over time (Frankham et al., 1986). Given this, planning stages for captive 
breeding programmes should include extensive sensitivity analyses to explore the effects of 
this uncertainty on the achievement of the population’s long-term genetic management goals. 
Lastly, while maintaining rare alleles from the source population in captive stock can help 
support the contribution of captive breeding programmes towards in situ populations, other 
factors should also be considered to provide the best possible chance of reintroduction 
success, such as limiting genetic adaption to captivity (Frankham, 2008), unintentional 
selection (Christie et al., 2012), or the loss of critical learned behaviours (van Heezik et al., 
1999).  
4.1.3. Outcomes of This Work for the Future Captive Management of EOS 
While the captive EOS population is highly inbred, it is still of significant conservation value 
for a number of reasons. Firstly, there are some individuals that have no inbreeding 
occurrence in their recent, captive history, despite high population-wide inbreeding 
occurrence, making them suitable candidates for potential reintroduction. Secondly, the 
captive EOS population currently contains the only known population of Sutton origin Otago 
skink held in captivity. This Sutton population has not been formally surveyed since 
Whitaker (1987), and consequently the captive EOS population may contain the only 
representatives of this Sutton stock if the in situ population has now become extinct. 
Given the origin of the EOS stock and the presence of non-inbred individuals, the current 
EOS population could provide stock for future translocations. However, the genetic diversity 
of the current group is very limited, and any population founded from only these individuals 
may have a greater risk of extinction than a similarly sized propagule from an in situ 
population. Yet, topping up an existing small population (such as the Sutton one), with 
captive stock, as well as implementing other management actions to address potential sources 
of decline affecting the in situ population, may be an acceptable use for this stock. 
The current captive stocks of EOS could be used to maintain O. Otagense in captivity in the 
future, but the population would likely require a number of additional wild founders to 
support the management objectives of this species as an ‘insurance population’ (Norbury, 
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Reardon and McKinlay, 2008; Collen, Reardon and Tocher, 2009). Conversely, the current 
captive population of EOS has considerable value as an advocacy and education population, 
and as a resource for future research into this, and other large, threatened New Zealand skink 
species. This population already plays a large advocacy role, with public displays of EOS 
such as that at Orokonui Ecosanctuary near Dunedin, allow people to be able to actively 
engage with a New Zealand skink species, something that is difficult given the cryptic and 
sparse nature of most native skinks around urban New Zealand (see Figure 12). Such an 
experience is difficult to obtain given the current distributions of Otago skink, and helps to 
raise awareness of the threats faced by this species as well as generating income for further 
research and management of this population. The captive population of EOS can also be used 
to provide information on complex behaviour or life history which can be used in the 
management of other threatened skink species, or to advance our understanding of some of 
this species’ behaviours, such as communal basking. 
 
 
Figure 12 Eastern province Otago skink, Oligosoma otagense, observed communally basking at the 
public enclosure at Orokonui Ecosanctuary, Dunedin. Photo credit Shelly Evans, used under CC BY-
NC-ND 2.0. 
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Finally, it should be acknowledged that even if inbreeding occurrence is not affecting the 
fitness of Otago skink in the wild or in captivity presently, the increase in homozygosity 
within a population as a result of inbreeding occurrence should reduce a population’s 
evolutionary potential and resilience to stochastic environmental changes (Lacy, 1997; 
Bryant and Reed, 1999). Allowing inbreeding to continue in the captive EOS populations 
would consequently violate the species’ captive management objectives, as it does not 
support future reintroductions of self-sustaining resilient populations, nor the maintenance of 
a genetically representative captive population (Norbury, Reardon and McKinlay, 2008; 
Collen, Reardon and Tocher, 2009). 
4.1.4. Future Genetic Management in Captive Breeding Programmes for 
Threatened New Zealand Lizard Species 
Five species of threatened New Zealand lizards are confined to only a single location 
(Hitchmough et al., 2016), making their future persistence at these sites tenuous. Only six 
lizard species translocated in New Zealand have used captive-bred individuals previously 
(either as a supplement or entirely; Romijn and Hartley, 2016), and the need for future 
potential captive breeding programmes to support translocations of threatened species is 
increasing as novel threats and exceptionally small species’ distributions are being fully 
realised (Jewell, 2017). Effective genetic management of these captive populations will be 
vital to ensure that positive contributions to in situ populations are enabled through improved 
translocation success in using captive-bred stock. 
Information on the relatedness and previous inbreeding occurrence histories of all the 
individuals within a captive population is a valuable management resource that could be used 
to improve genetic retention in future captive populations of threatened New Zealand lizard 
species. However, this relies on robust genetic material and pedigree information being 
readily available for use. The lack of available genetic samples for captive EOS that had died 
during the duration of the captive programme, as well as the lack of information regarding the 
storage and identity of animals or carcasses greatly hindered undertaking relationship 
validation in this study. This should serve to highlight the need for standardisation in the 
collection and storage of genetic material from captive populations of threatened species for 
further genetic research and management. Ensuring that basic errors in record keeping are 
avoided, and that genetic samples are preserved in a way that is conducive to future research 
involving genetic material, should be a priority for managers of threatened lizard species in 
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New Zealand so as to improve the effectiveness of any future genetic management of a 
population. 
The practicality of microsatellites in studies of inbreeding occurrence or genetic management 
of a population is greatly improved through the standardisation of genotyping protocols, 
thorough error testing procedures (Tiedemann et al., 2012), and the use of reference samples. 
Using reference samples allows genotypes from different sources to be combined, or for the 
ongoing addition of genotypes to a dataset through time by avoiding allele size shift errors 
associated with multisource genotyping (Morin et al., 2009). To facilitate effective 
population-wide genetic management, a standardised protocol should be used in all future 
genotyping of threatened New Zealand lizards. This would allow for the easy, ongoing 
combination of genotypes to a dataset using reference samples and software such as the R 
package ALLELOGRAM (Morin et al., 2009). Thorough quantification of error rates within 
a genotype dataset should also be undertaken to improve inbreeding occurrence estimates and 
relationship validation. While the development of a genetic library for Otago skink is 
ongoing, other species would also benefit from the banking of genetic samples for future 
research and management. 
The performance of genetically-based methods in their ability to accurately quantify 
inbreeding occurrence presents a challenge to studies trying to measure inbreeding depression 
if pedigrees are incomplete. Conversely, as pedigrees can be incorrect or incomplete (Jones et 
al. 2002; Russello & Amato 2004), the difference in inferred ƒ and the ‘true’ inbreeding in an 
individual’s ancestry may be different due to incorrect relationships, limiting their use in 
population management and research. This study supports the idea that genetically-based 
estimates of inbreeding occurrence should not be used as a surrogate for pedigree-determined 
ƒ in population management where studbooks are available and correct, due to the weak 
correlation between the two measures, and the difficulties encountered in estimating 
inbreeding solely from genetic data (Grueber, Waters and Jamieson, 2011). However, 
available pedigrees should be validated through the use of genetic estimates of relatedness 
where genotype data are robust and free of excessive errors. In worst-case scenarios, the 
selection of non-relatives to found new populations can be achieved using solely genetic data, 
even if non-inbred individuals can’t be directly selected against. To that end, managers of 
New Zealand lizard species should attempt to use robust genetic information to build accurate 
pedigrees to extract ƒ and relationship data where it is possible to do so (Pemberton, 2004, 
2008; Oliehoek and Bijma, 2009; Hammerly, Morrow and Johnson, 2013).  
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4.1.5. Conclusions 
While inbreeding depression was not detected in this study, acknowledging its potential 
impact on the outcomes of a proposed captive breeding programme is important to try to 
ensure best-case outcomes. Managers of threatened species should undertake appropriate 
planning prior to the establishment of a captive breeding programme to create management 
guidelines which aim to support genetic diversity retention and optimise translocation success 
probabilities. Captive populations should be led by PVA methods, such as those used here or 
in Keedwell (2004), to create minimum founder propagule guidelines, and to assess the 
effects of other proposed management actions to improve long-term success and to justify the 
use of captive breeding in threatened species recovery. 
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Appendices 
Appendix I: Inclusion of Missing Individuals 
Of the original EOS records kept by holders supplied to me, 39 individuals were found to be 
missing from the DOC-managed EOS studbook upon comparison (Unpublished Otago Skink 
Studbook Records, DOC). These individuals were included in the survival analysis dataset 
where information on their existence was robust. Twenty individuals within the missing 
group were transferred to unknown breeders and so were censored following transfer as they 
were considered lost.  
This missing group was shown to have a significantly greater risk of early death (<1 year) 
than those which were originally recorded in the studbook (hazard ratio = 8.282 ± 0.38 SE; P 
<0.01). However, including missing status as a risk factor in survival models greatly reduced 
model precision, and it was removed from the final analysis. Removal of the missing group 
status was not thought to be biased as individuals in the missing group were representative of 
the included individuals. Individuals missing from the studbook were not significantly more 
inbred (P = 0.30), did not have older sires (t = -0.5431, df = 55.751, P = 0.59) or younger 
dams (t = -1.4667, df = 77.159, P = 0.15), and did not have more inbred sires (P = 0.39) than 
those included in the original studbook. Missing individuals did have significantly more 
inbred dams than those skinks that were not missing (t = 3.7723, df = 56.914, P <0.01), 
however this was not identified as a significant factor affecting EOS survival analysis when 
missing and including survival times were pooled.  
The lower survival probability of those individuals in the missing group may not be due to 
any underlying factor; instead it is possible that those individual that died earlier in life were 
less likely to be included in the studbook records in the early years of the programme’s 
management. This could either be because those skinks that died early in life (<1 year old) 
were less likely to be included by managers of the studbook after receiving annual returns 
from holders, or because holders were less likely to include those individuals in their annual 
returns to the studbook manager. Both of these scenarios are plausible, as the studbook was 
never originally intended to be used for formal survival analyses of the population, and both 
managers and captive breeders may not have seen the relevance of recording early deaths of 
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EOS. Nonetheless, the inclusion of missing animals with robust survival data in the present 
study improved model precision (including missing AIC = 5.32, not including missing AIC = 
21.32). All possible steps should be taken to ensure accurate records are maintained in 
managing the studbooks of EOS and WOS in the future.  
Appendix II: Combination of Two Genetic Datasets 
and Associated Errors 
Combining genetic datasets from different laboratories, and indeed within the same 
laboratory, can sometimes have significant effects on the genotyping and allele sizing process 
(Davison and Chiba, 2003). This is such a concern that programs and protocols have been 
developed to avoid issues and smooth the combination process, such as the use of positive 
controls (Morin et al., 2009; Tiedemann et al., 2012). However, if protocols have not been 
followed, or if raw allele information is not available, then combination of datasets using 
these means is often not feasible. Alternatively, not using available genetic data in analyses 
can compromise a study’s ability to draw conclusions because of small samples sizes.  
Single base pair differences between allele lengths at several loci (Oligo3, Oligo8, and 
Oligo13) in the existing genotypes of 107 of the total 194 captive EOS (live and deceased) 
highlighted potential scoring errors (Goldstein and Schlotterer, 1999, Hoffman and Amos, 
2005). Single base pair differences in allele lengths are often caused by mis-scoring errors 
attributed to a variety of pitfalls associated with the use of microsatellites in genetic analyses 
(Tiedemann et al., 2012). The assignment of mis-scored alleles to the genotypes of 
individuals can result in an overestimation of total genetic diversity of a population, and can 
lead to false conclusions of parental assignment (Goodall et al., 2001).  
To improve parental assignments, mis-scored allele pairs in the previous captive EOS 
genotyping dataset (those allele which differed by 1 bp) had the mis-scored allele of the pair 
identified and reassigned to the correct allele call. To determine the extents of allele mis-
scoring errors, existing DNA extractions for 41% (n = 44) of the total previously genotyped 
EOS group were re-genotyped in this study. This sample included individuals with 
potentially erroneous alleles in their genotype. Additionally, the electropherograms produced 
from previously genotyped samples were obtained and allele peaks were blindly re-scored to 
investigate human error as the source of single base pair errors (Bonin et al., 2004). Only a 
subset of previously genotyped skinks were available for repeat genotyping in this study as 
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genetic material no longer existed for many deceased skinks included in the previous genetic 
analysis dataset. Upon repeat scoring, the more commonly identified allele of the erroneous 
pair was considered to be the correct allele call (see Figure 13), with the missing allele treated 
to be the result of scoring error in the previous dataset. 
 
 
Figure 13 i) Allele frequencies from a hypothetical locus with four alleles identified, A, B, C, and D. 
Alleles B and C (shaded) represent an erroneous allele pair; one allele is the result of a scoring error 
within the genetic dataset, but raw allele data from this population is not available for immediate 
rescoring. To reduce parental assignment errors, the mis-scored allele must be identified and 
corrected. To do this genetic material must be obtained, regenotyped, and rescored for a large subset 
of the original population represented in i, with specifically those individuals with error pair alleles 
within their genotype included. ii) Once recalled only three alleles are identified: A, C, and D. Within 
the previous erroneous pair (B and C) only C is represented, this would be considered the true allele 
of the error pair, and all B alleles in the previous dataset are changed to C.  
 
None of the single base pair difference errors identified in the original genotype dataset were 
observed in the allele bin calls in the re-typed group. Incorrect single base pair calls in the 
original genotypes were adjusted to the allele bin calls identified in the re-genotyped group (n 
= 59). 
Appendix III: Otago Skink Pedigree Verification 
Introduction 
Historically, EOS have been housed in single sex groups, male-female pairs, and colony 
groups (more than one female and one male) in captivity (captive EOS studbook, unpublished 
2014). In some cases, offspring produced from mixed sex, multi-male arrangements have had 
their recorded sire assumed to be the most aggressive male in the group, rather than through 
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any direct observations of mating (captive EOS studbook, unpublished 2014). However, there 
is no evidence that suggests that Otago skink have such a breeding hierarchy, nor that the 
most aggressive male is likely to be the most dominant, and to sire more, or all, offspring. 
Additionally, Otago skink can be difficult to sex correctly (Karin Ludwig, pers. comm., 2014, 
Ranger GAOS Team, DOC), and on more than one occasion an offspring produced from a 
mixed sex, multi-male cage group has had to have their paternity records changed following 
post-mortem results revealing the putative sire was a female (captive EOS studbook, 
unpublished 2014). This assumption of paternity, along with potential database handling 
errors, could have led to the incorrect assignment of sires and dams in the captive EOS 
studbook. To ensure accurate pedigree-based estimates of inbreeding and kinship, all 
recorded parent-offspring relationships in the captive pedigree were validated prior to their 
use in analyses where possible.  
Methodology 
To undertake relationship validations, I obtained a copy of the captive EOS population’s 
studbook from the previous captive coordinator of Otago skink, Karin Ludwig (DOC), on the 
1
st
 of May, 2013; the studbook is valid only to this date. I transferred the studbook into the 
program PopLink version 2.4 (Faust et al., 2012) to allow for easy data manipulation and 
export to other analysis programs. Parentage was initially confirmed using studbook 
validation reports in PopLink 2.4. To be considered a valid relationship, a recorded sire and 
dam needed to be older than the minimum reproductive age (2.6 years old; see Appendix X) 
and held by the same holder within a month of the approximate date of the offspring’s 
conception.  
Parentage was also verified genetically when both a recorded parent and offspring had been 
genotyped. Genetic validation of putative parent-offspring relationships was done using 
Cervus (Kalinowski, Taper and Marshall, 2007). Cervus uses log-likelihood ratio (LOD) 
scores estimated from genetic data to calculate the likelihood of a putative individual being 
the parent to an offspring, relative to a random individual within the genotype dataset being 
the parent. This approach has been found to be effective in retrospective parentage exclusion 
tests (Slate, Marshall and Pemberton, 2000; Goodall et al., 2001) and the ability to include 
realistic error rates makes parental assignment using this method less sensitive to genotyping 
error (Kalinowski and Hedrick, 1998). Due to the highly related structure of the population, 
Cervus was used to exclude a putative parent from a recorded relationship, rather than to 
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assign parentage to offspring from a candidate set. LOD confidence limits were defined by 
Cervus simulations using the allele frequency of the combined genotype dataset from this 
study, and the per allele error rates determined from between study error testing (see 
Appendix IX for a general overview). Simulations were run for 10,000 iterations for a bi-
parental, known-sex, parent scenario, with the conditions that there could be at least two 
possible candidate parents for each parental relationship, i.e., two maternal candidates and 
two paternal candidates, and that the proportion of sampled parents was the total percentage 
of genotyped captive EOS in the population that were older than the minimum breeding age 
of 2.6 years (77.35% females; 80% males).  
Any parent-offspring relationship with a LOD score falling below the defined 95% 
confidence limits, or which did not meet studbook validation requirements, was matched with 
additional parental candidates as identified by those held by an holder at the approximate 
time of offspring conception. Genetic and studbook parent-offspring validations were then 
repeated for any additional parents identified where possible. Where no other candidate 
parents met validation requirements, the initial unlikely recorded parent-offspring 
relationships were assumed to be the result of the true parent and focal offspring sharing 
many common (Marshall et al., 1998), or incorrectly identified alleles, and the relationship 
was deemed to be valid.  
Results and Discussion 
Overall, pedigree relationship verification highlighted 17 putative parent-offspring 
relationships that did not meet either genetic or studbook validation criteria. Three suspect 
relationships were identified due to an inter-birth interval between siblings within the same 
litter that was larger than expected, two relationships were identified due to parents not being 
present at the estimated time of conception, and the remaining 11 relationships did not meet 
genetic validation criteria. Two unknown sires are present within the pedigree, but could not 
be verified due to a lack of genetic material available for ungenotyped parents and offspring.  
Those suspect relationships highlighted due to differences in birth date had a within-litter 
inter-birth interval between the focal offspring and their littermates of 14 days, SPARKS39; 
20 days, SPARKS22; and 5 days, SPARKS151. Studbook validation showed that the parents 
of offspring SPARKS39 were together at the same facility and of breeding age, around the 
estimated conception date of SPARKS39. SPARKS39 could not have her relationship with 
the dam SPARKS4 genetically validated, as no genetic material exists for this dam and she 
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was never genotyped before her death in 2006. Genetic information was available for the 
recorded sire, SPARKS13, but relationship validation produced a log-likelihood ratio score 
which did not meet 95% confidence criteria. Only the male SPARKS8 could have been a 
potential sire given their age and their location at the time of the estimated conception date 
for SPARKS39. If SPARKS8
 
was the true sire to 39, then other SPARKS8 offspring 
(SPARKS24 and SPARKS32) would share a sibling relationship with SPARKS39. However, 
the average relationship between SPARKS39 and the siblings SPARKS24 and SPARKS32 
was lower than expected for a full sibling relationship (Wang coefficient of only 0.17). As no 
genetic material was available for any other offspring from SPARKS13, it could not be 
concluded whether the relationship between SPARKS39 and SPARKS13 was a mismatch 
due to the sire 13 being incorrect; or because this offspring was an unrelated individual which 
was incorrectly attributed to this litter. As no clear outcome was discernible for this 
mismatch, this relationship remains unchanged. SPARKS22 was found to have an incorrectly 
recorded birth date, sire, and dam when the original SPARKS studbook was compared to 
copies of her breeder of origin’s records. These findings supported statements made by the 
current holder of SPARKS22, that her and SPARKS23, were siblings (Sophie Penniket, pers 
comm. 2014, Otago University). The full-sibling of SPARKS22, SPARKS23, was also 
shown to have an incorrect dam, but a correct sire and birth date upon record comparisons. 
The pedigree was altered to reflect these changes. The parents of offspring SPARKS151 did 
not violate the studbook validation criteria, and no genetic validation could be carried out due 
to a lack of genetic material available for both the ungenotyped parents, dam SPARKS44 and 
sire SPARKS45. This relationship remains unchanged. 
The relationships between the full-siblings SPARKS164 and SPARKS165, and their parents, 
sire SPARKS81 and dam SPARKS84, initially did not meet studbook validation criteria, as 
the two parents were not present in the same location at the estimated date of the offspring’s 
conception. Given a birth date of the 3
rd
 of February 2010, the approximate conception date 
for the two offspring was the 2
nd
 of November 2009 given a typical gestation period of 120 
days (Cree, 1994). The last time the parents were in contact at the same breeder location was 
a month before the estimated conception date, on the 2
nd
 of October 2009. Genetic validation 
between 165 and the recoded sire and dam showed no loci mismatches and did not fall below 
the 95% log-likelihood ratio score limit for either relationship, meaning the relationship is 
likely to be valid. The minimum gestation period for these offspring would have therefore 
been 151 days or approximately 5 months. 
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Strict 95% likelihood ratio limits for the validation of parent-offspring relationships based on 
Cervus simulations were set at <0.45 for dams and <0.23 for sires based on simulation 
outputs in Cervus. The final genetic validation dataset consisted of 160 dyad comparisons, 
including 74 dam comparisons (21 unique dams), and 86 sire comparisons (19 unique sires) 
for 100 unique offspring. Out of 160 genetic comparisons between recorded parent-offspring 
relationships, seven sires and four dams were identified as an unlikely parent, with 
relationship log-likelihood ratio scores falling below the strict 95% confidence limit. Out of 
these sire mismatches; six individuals had additional candidate sires identified. All six 
offspring had an additional sire confirmed as a more likely parent than the one listed from 
these candidates, including SPARKS39. These more likely sires were recorded in the 
pedigree in place of the incorrect sire, with the exception of  
SPARKS39. Four dams were identified as an unlikely parent under strict 95% confidence, 
but no other dams were likely under logical validation. It was concluded that the not likely 
parent status was due to the parent-offspring pair sharing many common alleles, and no 
changes were made to the pedigree.   
The probability that a true parent was falsely excluded (parental non-exclusion probability) 
was moderate amongst dam comparisons with a probability of 6.14%. From the 658 loci 
compared amongst 74 dyads, 32 mismatching loci were identified from 26 dyads (see Table 
10). Twelve parent-offspring dyads (six unique dams) failed to meet 95% confidence 
validation criteria. However, only half of those dyads had mismatching loci identified, with 
the remaining six dyads showing no loci mismatches and all involving the same dam, 
SPARKS14. SPARKS14 failed to reach the 95% confidence limit for almost half of her dyad 
comparisons, despite not having any loci mismatches between her and her putative offspring 
in these dyads. This is likely due to SPARKS14
 
sharing many common alleles with those 
offspring, giving low resolution power to determine if the relationship was valid. Of those 
twelve parent-offspring dyads which failed to meet the 95% confidence validation criteria 
parental non-exclusion probabilities which excluded SPARKS14 were on average 0.05% 
(min 0.00%; max: 2.1% n = 6), lower than when SPARKS14 was included (mean 7.78%; min 
0.2%; max 16.4%; n = 12). An average single parent non-exclusion probability of 7.29% was 
found for all parent-offspring dyads involving  SPARKS14 (n = 15). 
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Table 10: Dam comparison dyads with either mismatching loci identified, or which did not meet 95% 
pair confidence in the captive eastern provenance Otago skink, Oligosoma otagense, population. Pair 
confidence refers to a dyad comparison meeting either strict 95% validation criteria (donated by *) or 
meeting only 85% validation criteria (donated by +). 
Offspring 
ID 
First parent 
non-
exclusion 
probability 
Candidate 
Dam ID 
Pair loci 
compared 
Pair loci 
mismatching 
Pair 
LOD 
score 
Pair 
confidence 
26 0.001 9 9 2 -1.40 + 
30 0.071 14 9 0 0.00 + 
38 0.044 14 9 0 0.06 + 
43 0.039 14 9 0 -0.30 + 
44 0.093 14 9 0 0.00 + 
46 0.055 14 9 0 -0.07 + 
52 3.89E-04 32 9 2 -0.49 + 
72 0.003 9 9 1 -0.05 + 
83 0.003 5 9 2 4.30 * 
85 0.164 14 9 0 -0.18 + 
93 0.077 22 9 1 0.98 * 
94 0.038 20 9 1 2.22 * 
95 0.048 5 9 1 3.45 * 
97 0.017 5 9 1 3.78 * 
98 0.023 38 9 1 1.40 * 
99 0.064 38 9 1 1.65 * 
110 0.052 58 9 1 1.03 * 
113 0.025 44 9 2 -0.02 + 
121 0.002 43 9 3 -4.36 + 
122 0.066 59 9 1 0.49 * 
123 0.081 59 9 1 0.49 * 
124 0.035 40 9 1 1.29 * 
125 3.66E-04 19 9 2 -2.12 + 
149 0.076 5 7 1 3.71 * 
153 0.108 43 9 1 0.51 * 
161 0.031 5 9 1 4.18 * 
163 0.014 5 9 2 0.82 * 
186 0.052 43 9 2 1.20 * 
189 1.00E-06 61 9 1 8.63 * 
 
Parent non-exclusion probability was moderate among sire comparisons, with an average 
single parent non-exclusion probability of 6.11%. From the 763 loci compared amongst the 
86 sire comparisons, 44 loci mismatches were identified among 26 dyads (12 unique sires) 
(see Table 11). Of these 26 dyads with mismatches identified, 14 dyads (10 unique sires) did 
not meet 95% confidence validation criteria. The average single parent non-exclusion 
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probabilities for all sire comparisons which did not meet 95% validation criteria was only 
slightly higher that the total average at 6.79%. All those parent-offspring dyads that did not 
reach the 95% validation criteria had at least one mismatching locus. Twelve dyads met the 
95% confidence validation criteria but mismatches were identified between the sire and 
putative-offspring.  
 
Table 11: Sire comparison dyads with either mismatching loci identified, or which did not meet 95% pair 
confidence in the captive eastern provenance Otago skink, Oligosoma otagense, population. Pair 
confidence refers to a dyad comparison meeting either strict 95% validation criteria (donated by *) or 
meeting only 85% validation criteria (donated by +). 
Offspring 
ID 
Parent non-
exclusion 
probability 
Candidate 
father ID 
Pair loci 
compared 
Pair loci 
mismatching 
Pair 
top 
LOD 
Pair 
confidence 
103 0.061 24 9 5 -6.34 + 
102 0.290 24 9 4 -5.04 + 
39 0.002 13 8 4 -5.65 + 
22 0.002 13 9 3 -3.37 + 
189 9.00E-07 60 9 2 3.72 * 
125 3.66E-04 30 9 2 -1.32 + 
121 0.002 56 9 2 -0.86 + 
94 0.038 8 9 2 -2.40 + 
52 3.89E-04 24 9 2 0.69 * 
26 0.001 6 9 2 -2.03 + 
176 0.050 17 8 1 0.87 * 
171 0.154 41 8 1 -0.43 + 
140 0.004 57 9 1 6.80 * 
124 0.035 13 9 1 0.07 + 
120 0.026 17 9 1 2.33 * 
110 0.052 41 9 1 1.32 * 
105 0.094 6 9 1 -0.58 + 
104 0.037 6 9 1 0.35 * 
100 0.051 56 9 1 0.82 * 
90 0.002 31 9 1 2.43 * 
89 0.013 31 9 1 1.42 * 
76 0.105 31 9 1 -1.26 + 
73 0.120 17 9 1 -0.99 + 
53 0.003 24 9 1 5.25 * 
40 0.030 8 9 1 1.48 * 
19 0.048 11 9 1 0.01 + 
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Appendix IV: Cox Model Validation Tests 
Table 12 Schoenfeld residual results for the captive Otago skink, Oligosoma otagense, dataset.  A P 
value of <0.05 indicates the factor is not independent of time and the proportional hazards assumption 
is invalid. 
Factor Rho Chisq P 
Individual ƒ -0.0605 0.389 0.533 
Dam Age -0.1227 1.396 0.237 
Sire ƒ 0.1495 2.477 0.116 
Dam ƒ -0.1117 1.532 0.216 
Sire Age 0.0582 0.337 0.561 
GLOBAL NA 3.731 0.589 
    
Appendix V: Collinearity Tests 
Table 13 Adjusted R
2
 output for all predictive variables used in survival analysis tests for the captive 
eastern provenance Otago skink, Oligosoma otagense, population to ensure independence and non-
collinearity from each other. Tests were carried out using a linear regression of one factor over 
another using the STATS package in the program R (R Core Development Team, 2015). No 
collinearity was detected using an R
2
 threshold of 0.5. 
  Sire Age DPF SPF Fi 
Dam Age 0.2165 0.02528 0.04199 0.1269 
Sire Age ---- 0.07051 0.06718 0.3064 
DPF ---- ---- 0.01799 0.06078 
SPF ---- ---- ---- 0.1178 
     
Appendix VI: Genetically-Based Survival Analysis of 
Inbreeding Depression 
Only 58 complete individual records were available for use in genetically-based survival 
models due to the limitations of the genotype dataset. The genetically-based dataset contained 
details of only 19 complete survival times throughout a 20 year period, with only 338 total 
analysis years. On the census date, 20 individuals were still alive, one individual was 
recorded as escaped, and 18 individuals had been released; these individuals were censored 
(see Chapter 2 Methods for additional details on censoring).  
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Median survival time for captive EOS using genetically-based models was 15 years (7 - 23 
95% CI; see Figure 14). However, the oldest recorded captive-born EOS was 20 years old in 
this restricted genetic dataset and was still alive. 
 
 
Figure 14 Survival probability curve for all those individuals under study in the captive eastern 
provenance Otago skink, Oligosoma otagense, population based on the genetically-based inbreeding 
dataset. Median survival time is 15 years (7 - 23 95% CI; n =58). 
 
Genetically-based survival models found no change in hazard rate associated with estimates 
of individual, dam, or sire inbreeding occurrence when using either IR or HL as an estimator 
of inbreeding (see Table 14). No other predictor variables were found to have an effect on 
survival probability in genetically-based models, and model-averaged estimates performed 
poorly, as seen by the null model being present as the top or second-best model in the set (see 
Table 15). 
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Table 14 Model-averaged hazard ratio estimates from genetically-based survival models including 
relative weights and 95% CIs of captive eastern provenance Otago skink, Oligosoma otagense. For 
each genetically-based inbreeding coefficient – homozygosity by loci (HL), and internal relatedness 
(IR) models included estimated sire inbreeding (HL
S
, IR
S
), dam inbreeding (HL
D
, IR
D
), and individual 
inbreeding (HL
I
, IR
I
).  
Factor 
Hazard 
Ratio 
[exp(β)] SE Z Value Pr(>|z|)** Wi* 
Genetically-based homozygosity by loci (n =58) 
Sire Age 1.065 0.985 1.145 0.47 0.124 
Dam Age 1.005 0.901 1.110 0.19 0.92 
HLS 1.004 0.968 1.039 0.13 0.846 
HLF 0.999 0.970 1.027 0.11 0.922 
Genetically-based Internal Relatedness (n = 58) 
Sire Age 1.072 0.989 1.155 0.61 0.102 
IRS  1.013 0.982 1.044 0.28 0.413 
Dam Age 1.003 0.896 1.109 0.18 0.962 
IRD  1.008 0.980 1.035 0.16 0.586 
IRF  0.997 0.974 1.021 0.13 0.824 
* Wi refers to the relative weights of model predictor variables. 
** Wald’s p statistic. 
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Table 15 Candidate model set used for full model averaged outputs from genetically-based survival 
models for captive eastern provenance Otago skink, Oligosoma otagense.  
Model Components Df logLik Delta Weight 
Genetically-based internal relatedness (IR) 
Sire Age 8.34 -52.79 0 0.19 
(Null Model) 6.71 -55.18 0.36 0.16 
IRS + Sire Age  8.48 -53.18 1.15 0.11 
Dam Age + Sire Age 8.76 -53.1 1.79 0.08 
IRD + Sire Age 9.26 -52.6 2.23 0.06 
IRD 8.3 -53.98 2.25 0.06 
IRS 7.14 -55.56 2.26 0.06 
Dam Age 8.66 -53.59 2.47 0.06 
IRF + Sire Age 9.26 -52.76 2.53 0.05 
IRF 7.91 -54.79 2.8 0.05 
IRS + Dam Age + Sire Age  8.98 -53.4 3.03 0.04 
IRS + IRD + Sire Age 9.31 -53.07 3.31 0.04 
IRF + IRS + Sire Age 9.41 -53.13 3.73 0.03 
Genetically-based homozygosity by loci (HL) 
(Null Model) 6.58 -56.44 0 0.21 
Sire Age 8.37 -54.17 0.27 0.19 
HLD 8.25 -54.99 1.61 0.1 
Dam Age + Sire Age 8.55 -54.64 1.74 0.09 
HLS 7.43 -56.45 2.27 0.07 
HLD + Sire Age 9.28 -53.87 2.29 0.07 
SHL + Sire Age 8.97 -54.35 2.34 0.07 
Dam Age 8.37 -55.21 2.36 0.07 
HLF + Sire Age 9.14 -54.24 2.61 0.06 
HLF 7.78 -56.17 2.66 0.06 
Dam Age + HLD 10.03 -53.49 3.72 0.03 
     
Appendix VII: List of All Genetic Samples Used in This 
Thesis 
Table 16 Sample details for new genotyping, repeats, and error tests all genotyped samples.  
Genotyping SPARKS ID Sample ID 
Date 
Taken 
Preservative Sample Type 
Genotyped 8 08LJ60 2008 Ethanol Extracted DNA 
Genotyped 9 08LJ38 2008 Ethanol Extracted DNA 
Genotyped 13 08LJ73 2008 Ethanol Extracted DNA 
Genotyped 17 OLOT016 17/09/12 Queens Lysis Blood 
Genotyped 20 08LJ77 2008 Ethanol Extracted DNA 
Genotyped 24 08LJ74 2008 Ethanol Extracted DNA 
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Genotyping SPARKS ID Sample ID 
Date 
Taken 
Preservative Sample Type 
Genotyped 27 08LJ86 2008 Ethanol Extracted DNA 
Genotyped 31 08LJ83 2008 Ethanol Extracted DNA 
Genotyped 31 OLOT031 20/09/12 Queens Lysis Blood 
Genotyped 32 08LJ61 2008 Ethanol Extracted DNA 
Genotyped 41 OLOT103 11/18/13 Ethanol Blood 
Genotyped 45 08LJ106 2008 Ethanol Extracted DNA 
Genotyped 45 OLOT096 11/18/13 Ethanol Blood 
Genotyped 48 08LJ92 2008 Ethanol Extracted DNA 
Genotyped 53 08LJ91 2008 Ethanol Extracted DNA 
Genotyped 56 08LJ105 2008 Ethanol Extracted DNA 
Genotyped 56 OLOT097 18/11/13 Ethanol Blood 
Genotyped 57 08LJ66 2008 Ethanol Extracted DNA 
Genotyped 59 08LJ87 2008 Ethanol Extracted DNA 
Genotyped 60 08LJ17 2008 Ethanol Extracted DNA 
Genotyped 61 08LJ07 2008 Ethanol Extracted DNA 
Genotyped 62 08LJ18 2008 Ethanol Extracted DNA 
Genotyped 63 08LJ08 2008 Ethanol Extracted DNA 
Genotyped 64 08LJ24 2008 Ethanol Extracted DNA 
Genotyped 66 08LJ23 2008 Ethanol Extracted DNA 
Genotyped 68 08LJ20 2008 Ethanol Extracted DNA 
Genotyped 68 OLOT081 11/06/13 Ethanol Blood 
Genotyped 69 08LJ19 2008 Ethanol Extracted DNA 
Genotyped 77 OLOT082 11/06/13 Ethanol Blood 
Genotyped 78 OLOT084 11/06/13 Ethanol Blood 
Genotyped 79 08LJ51 2008 Ethanol Extracted DNA 
Genotyped 81 08LJ67 2008 Ethanol Extracted DNA 
Genotyped 84 08LJ65 2008 Ethanol Extracted DNA 
Genotyped 84 OLOT039 22/09/12 Queens Lysis Blood 
Genotyped 86 08KH82 2008 Ethanol Extracted DNA 
Genotyped 88 08LJ63 2008 Ethanol Extracted DNA 
Genotyped 89 08LJ62 2008 Ethanol Extracted DNA 
Genotyped 93 08KH81 2008 Ethanol Extracted DNA 
Genotyped 96 OLOT098 18/11/13 Ethanol Blood 
Genotyped 97 08KH83 2008 Ethanol Extracted DNA 
Genotyped 99 08LJ109 2008 Ethanol Extracted DNA 
Genotyped 99 OLOT094 18/11/13 Queens Lysis Blood 
Genotyped 101 08LJ108 2008 Ethanol Extracted DNA 
Genotyped 101 OLOT045 25/09/12 Queens Lysis Blood 
Genotyped 102 08LJ72 2008 Ethanol Extracted DNA 
Genotyped 105 08LJ98 2008 Ethanol Extracted DNA 
Genotyped 117 08LJ55 2008 Ethanol Extracted DNA 
Genotyped 117 OLOT053 21/11/11 Ethanol Blood 
Genotyped 124 08LJ82 2008 Ethanol Extracted DNA 
Genotyped 131 08LJ28 2008 Ethanol Extracted DNA 
New 39 OLOT095 18/11/13 Ethanol Blood 
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Genotyping SPARKS ID Sample ID 
Date 
Taken 
Preservative Sample Type 
New 71 OLOT040 22/09/12 Queens Lysis Blood 
New 140 OLOT060 21/11/11 Ethanol Blood 
New 142 OLOT068 21/11/11 Ethanol Blood 
New 143 OLOT056 21/11/11 Ethanol Blood 
New 144 OLOT066 21/11/11 Ethanol Blood 
New 144 OLOT067 01/12/11 Ethanol Blood 
New 146 OLOT064 21/11/11 Ethanol Blood 
New 148 OLOT055 21/11/11 Ethanol Blood 
New 149 OLOT057 01/12/11 Ethanol Blood 
New 153 OLOT043 22/09/12 Queens Lysis Blood 
New 154 OLOT065 21/11/11 Ethanol Blood 
New 161 OLOT026 20/09/12 Queens Lysis Blood 
New 163 OLOT024 20/09/12 Queens Lysis Blood 
New 165 OLOT023 20/09/12 Queens Lysis Blood 
New 170 OLOT101 18/11/13 Ethanol Blood 
New 171 OLOT029 20/09/12 Queens Lysis Blood 
New 175 OLOT105 18/11/13 Ethanol Blood 
New 176 OLOT106 18/11/13 Ethanol Blood 
New 178 OLOT108 18/11/13 Ethanol Blood 
New 180 OLOT034 21/09/12 Queens Lysis Blood 
New 186 OLOT041 22/09/12 Queens Lysis Blood 
New 188 OLOT061 01/12/11 Ethanol Blood 
New 189 OLOT058 21/11/11 Ethanol Blood 
New 190 OLOT059 21/11/11 Ethanol Blood 
      
Appendix VIII: Estimation of Lethal Equivalents 
Impacting Captive EOS Survival  
I estimated the number of lethal equivalents (LE) cumulatively affecting survival in the 
captive EOS population by examining the differential change in survival probability given 
increasing estimates of inbreeding occurrence in both genetically-based and pedigree-based 
survival models; a method proposed by Morton, Crow and Muller (1956). I defined the 
haploid lethal equivalent (B) as the negative log of the difference between a non-inbred 
individual’s survival (𝑠0) and the survival of an individual with parents who are primary 
relatives (full-sibling or parent and offspring matings) (𝑠ƒ), regressed over the inbreeding 
coefficient expected for an individual with parents which are primary relatives 
(ƒ 𝑃𝑟𝑖𝑚𝑎𝑟𝑦) [Eq. 1]. B was then converted to 2B to give an estimate of the lethal equivalents 
present for a diploid organism.    
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𝐵 = −𝑙𝑚(
𝑠ƒ
𝑠0
)/ƒ 𝑃𝑟𝑖𝑚𝑎𝑟𝑦  [Eq.1] 
To quantify the change in individual EOS survival probability due to inbreeding occurrence, I 
created a non-random model based on the underling baseline hazard change due to an 
increase in individual inbreeding for each of the pedigree-based (ƒ
I
) and genetically-based 
(IR
I
 and HL
I
) model averaged Cox proportional hazards models. To do so, I extracted the 
upper and lower 95% CI limits of the model averaged coefficient of individual inbreeding 
from all models, I then fitted a new Cox model based on the model averaged coefficient of 
individual inbreeding acting in the previous mixed effects models and the 95% CI limits, with 
the random parameters and all other predictor variables fixed as if they were static using the 
R package sᴜʀᴠɪᴠᴀʟ (Terry Therneau, pers comm. 2015, Clinical research statistician, Mayo 
Clinic).  
From these new non-random models, I predicted the survival curves of individuals of varying 
individual inbreeding using the R package PEC version 2.4.4 (Mogensen, Ishwaran and 
Gerds, 2012). The corresponding survival probabilities of each of the two inbreeding groups, 
S0 and Sƒ, were predicted to yearly time intervals from birth to the maximum recorded age at 
the mean. Upper 95% CI and lower 95% CI limits of the model-averaged coefficient of 
individual inbreeding were used
 
to gain 95% CI estimates of LE. While the survival 
probability estimates for each of the inbred and non-inbred groups are not absolute, the 
change in survival probability due to a change in individual inbreeding at each of the discreet 
time points is reflective of the strength of inbreeding’s cumulative effect throughout a skink’s 
lifetime at the mean of all other predictor variables affecting survival.  
Given all genetically-based model averaged outputs contained the null model (see Appendix 
VI), only the pedigree-based model was used in the estimation of lethal equivalents effecting 
survival probability in the EOS captive population. Predicted survival curves for captive EOS 
given an individual was inbred, ƒ
I
 = 0.25, or non-inbred, ƒ
I
 = 0, showed a decrease in survival 
probability given increased inbreeding (see Figure 15). However, 95% CIs for predicted 
survival curves for inbred and non-inbred groups overlapped, indicating that change in 
survival probability with increasing inbreeding occurrence was not statistically significant.  
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Figure 15 Predicted survival curves for inbred and non-inbred captive Otago skink, Oligosoma 
otagense, based on the model averaged coefficient of ƒ
I
 with 95% pointwise CI bounds acting at the 
average of all other predictor variables. Inbred ƒ
I
=0.25 and non-inbred ƒ
I
=0.00. Predicted survival 
curves are not statically different from each other (P >0.05). 
 
The strength of the effect of inbreeding depression acting on individual survival through time 
did not increase (the proportional hazards assumption was met, see Appendix IV), but the 
predicted number of lethal equivalents acting on survival probability over time was 
cumulative (see Figure 16), coarsely increasing at a linear rate of 0.20 diploid lethal 
equivalents (-0.05 to 0.40 95% CI) affecting survival with every additional year of age in an 
individual’s lifespan (P <0.01; r
2
 = 0.97). However, 95% CIs of the predicted lethal 
equivalents affecting survival probability revealed the effect of ƒ
I
 on survival probability to 
not be statistically significant (P >0.05). The mean survival estimate difference due to 
inbreeding occurrence predicted 1.54 lethal equivalents (-0.12 - 2.07 95% CI) affecting 
survival to the first year, 2.49 lethal equivalents (-0.24 - 3.94 95% CI) affecting survival to 
mean first breeding age in captivity (4 years; see Appendix X), 4.66 lethal equivalents (-0.48 
- 7.95 95% CI) impacting survival to the mean lifespan age based on pedigree survival 
estimates (12 years; see Chapter 2 for further information), and 6.99 lethal equivalents (-0.78 
– 12.41 95% CI) affecting survival to the maximum recorded age of 25 years (see Figure 16, 
also see Appendix X).  
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Figure 16 Change in the predicted number of lethal equivalents (LE) impacting survival of eastern 
provenance Otago skink, Oligosoma otagense, in captivity with age increase with respective 95% CI 
estimates.  
 
Appendix IX: Genotyping Error Tests  
Multiple within-study DNA extractions made from the same blood sample on different days, 
multiple DNA extractions made from different kinds of sample from the same individual 
(blood or tissue), or duplicate DNA extractions that underwent genotyping on differing days 
(n = 31 comparison individuals), yielded a mean per locus error rate of 6.16% (max 25%; 
min 0%; n = 146 comparisons) and a mean per allele error rate of 4.1% (max 14.3%; min 
0.0%; n = 293 comparisons). 
Appendix X: Demographic and Genetic Descriptions of 
The Current Captive Eastern Provenance Otago Skink, 
Oligosoma otagense, Studbook.  
To accurately forecast the effects of differing founder scenarios during population models for 
the captive EOS population, accurate details of the demographic rates experienced by that 
population are required. This appendix provides basic descriptions of the demographic rates 
experienced by EOS in captivity, as well as estimates of the total founder genome equivalent 
(Lacy, 1989) of the population. Demographic descriptions of the captive EOS population 
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have been carried out previously by Connolly (2005). However, it is essential to use the most 
up to date data possible to ensure demographic rates and genetic representation information is 
accurate.  
Demographic rates and genetic information presented here are based on the amended version 
of the original DOC managed studbook for captive EOS, where relationship validation has 
been carried out where possible (see Appendix III), and a number of individuals have been 
added which were found to be missing (see Appendix I). It is likely that this population has 
additional individuals not recorded in this studbook which cannot be verified. Individuals of 
unknown age and unknown sex are present within the studbook and the exclusion of these 
individuals from particular genetic summaries and demographic rates is discussed within 
each section. If no exclusions are stated then the entire studbook was used. This studbook is 
current to the 1
st
 of May, 2013.  
1. Overview of the Current Captive EOS Studbook 
Table 17 Overview of captive eastern provenance Otago skink, Oligosoma otagense, studbook data. 
Studbook is current to the 1st of May, 2013, and includes missing individuals identified during review 
of written breeder records (see Appendix I).  
   
Total no. of 
specimens 
% 
Total 
Totals 
Specimens in Studbook 
 
234 
 
100.0% 
Living Specimens 
 
83 
 
35.5% 
Sex 
Total Females 
 
53 
 
22.6% 
Living Females 
 
23 
 
9.8% 
Total Males 
 
56 
 
23.9% 
Living Male 
 
25 
 
10.7% 
Total Unknown sex 
 
125 
 
53.4% 
Living Unknown sex 
 
35 
 
15.0% 
Origins 
Captive Born 
 
216 
 
92.3% 
Wild Born 
 
18 
 
7.7% 
Parentage 
Number of Founders (Both parent 
‘WILD’)  
18 
 
7.7% 
Living number of founders (Both 
parents ‘WILD’)  
9 
 
3.8% 
Parents Known  
 
215 
 
91.9% 
At least one parent Unknown 
 
1 
 
0.4% 
Birth Dates 
Known or estimated birth date 
 
216 
 
92.3% 
Unknown birth date 
 
 
18 
 
7.7% 
Exit Type 
Deceased 
 
 
104 
 
44.44% 
Released 
 
 
47 
 
20.09% 
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1.1.Annual Census 
Since its initial establishment, the captive EOS population has varied dramatically over time 
with a peak living population size of 118 individuals in 2010, and a current population size of 
83 living individuals as of 1
st
 May 2013 (see Figure 17). Breeding was not successful within 
the population until after 1988, largely coinciding with the removal of external parasites from 
captive individuals becoming a standard husbandry practice. It is possible these records are 
missing individuals from the early stages of the breeding program. However, the last 25 years 
are likely to reflect true change in demographic rates and are considered to be based on robust 
information.  
 
 
Figure 17 Population changes though time of the captive eastern Otago skink, Oligosoma otagense, 
population. Caution should be applied in interoperating population changes as some individuals may 
be incorrectly sexed.  
 
1.2.Current Age Structure and Sex Ratio 
Current age structure of the captive population clearly reflects the boost in breeding rates 
after the husbandry changes in 1990, with a large proportion of young individuals present in 
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the current population (see Figure 18). A number of individual cannot be sexed currently due 
to the notoriously difficult nature of sexing Otago skink, and also due to their age and these 
individuals are considered unknown. It is also possible that some individuals of a defined sex 
will be incorrect. 
 
 
Figure 18 Age structure plot of all current living individuals within the captive eastern provenance 
Otago skink, Oligosoma otagense, population. This graph includes wild-caught individuals with their 
minimum age defined. The shaded area indicates known breeding ages (3 years to 37 years old) in 
the captive population. However, the upper limit of breeding has not yet been reached.   
 
2. Reproduction 
Any breeding rates due to pregnancies that occurred in the wild were removed from analyses 
(n = 1) as these may not have reflected typical captive rates or outputs. Importantly, breeding 
in the captive population was not recorded to be successful until 1988 and the breeding 
demographics are only based on records from that year onwards. A total of 216 EOS are 
recorded to have been born in captivity since 1970 (see Figure 19).  
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Figure 19 Annual number of individuals born in the captive eastern provenance Otago skink, 
Oligosoma otagense, population per year. 
 
2.1.Breeding System 
In captivity Otago skink typically only engage in a monogamous breeding system due to the 
housing requirements necessary to reduce parental confusion and aggression between 
individuals. However, there is at least one case where the same male sired offspring with 
multiple females in the same breeding year, but it is difficult to define whether this was a 
product of the breeding arrangement and population density within the cage, or if polygyny is 
a more typical breeding structure for this species. Wild Otago skink may show mate fidelity 
(Germano, 2007), but further work is needed to verify this. 
2.2.Seasonality 
EOS in captivity gave birth throughout the austral summer, from December to March (see 
Figure 20), with only a minor proportion of births occurring outside of these months (2.18% 
of births). This may be earlier than wild conspecifics, as neonate EOS are typically not seen 
in the wild until after February (as per the Author’s personal observations from the Macraes 
population).  
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Figure 20 Birth seasonality in captive Otago skinks, Oligosoma otagense (n = 92 captive). One litters 
conceived in the wild was excluded.  
 
2.3.Reproductive Limits 
In captive EOS, the minimum age at first breeding is c. 2.6 years old for both sexes given 
current gestation estimates of approximately 120 days (Cree, 1994). However, the median 
age at first reproduction describes a more typical breeding system than the minimum or 
average first age. Given this, the median first breeding age is 5 years old for both males and 
females captive EOS, with reproduction observed to continue until 19 years in females and 
25 years in males (see Table 18). However breeding has been successful in age-unverified 
founders, with at least a 37 years old female and a 32 year old male recorded breeding. As the 
oldest age verified breeders are still alive, we have yet reached the upper reproductive limit 
before death.  
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Table 18 Reproductive limits of captive eastern provenance Otago skink, Oligosoma otagense, in 
captivity. Founders are included and excluded respectively, as these individuals cannot have their 
ages verified and instead a minimum age estimate is used. Where founders are included maximum 
limits may be greater than those presented given minimum age estimates, and minimum limits may be 
higher given any breeding in the individual’s lifetime outside of captivity would not have been 
observed. 
 Including Founders Excluding Founders 
 Mean Median Min Max Mean Median Min Max 
Dam age at 
first birth (120 
days post-
copulation) 
7.46 5.47 2.9 37.09 5.77 5 2.9 19.17 
Sire age at 
age at first 
conception 
(copulation) 
6.30 5.61 2.64 32.80 5.07 4.69 2.64 24.80 
         
2.4.Proportion of Reproductive Animals Breeding Per Year 
The proportion of reproductive-aged females (those aged between 3 years old and 37 years 
old based on minimum upper unverified-age limits and age-verified lower limits – see above) 
producing a viable litter in the population in any one year was only 22.27% ± 0.53%. This 
proportion has fluctuated over the years, with no adults recorded to have successfully bred in 
the years before 1988, and as many as 50% of all captive, reproductive-aged females 
breeding in 1996 (see Figure 21). While this metric gives a good impression of the 
productivity of the captive population, it does not describe the typical proportion of 
reproductive-aged Otago skink breeding in the wild population. In captive populations there 
are more barriers to breeding, such as physical cages and mate choice and quality restrictions. 
On the other hand, it is likely that captive EOS are always being presented mating 
opportunities, where wild individuals may not find a suitable mate in any one year.   
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Figure 21 Proportion of reproductive age individuals breeding each year in the captive Otago skink, 
Oligosoma otagense, population. This data includes founder individuals of unknown ages as it is 
assumed they were reproductively able given their adult size.  
 
2.5.Interbirth Interval 
Female EOS were capable of having a maximum of one litter per year in captivity, with a 
median time between broods of only 388 days and a minimum of 346 days (see Figure 22). 
The longest recorded amount of time between broods is currently 2520 days or c. 7 years. 
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Figure 22 Histogram of female inter-birth intervals for eastern provenance Otago skink, Oligosoma 
otagense, in the captive population.   
 
2.6.Litter Sizes  
Maximum litter sizes in captivity are much larger than those reported in the wild (maximum 
litter size of 3 to 4 individuals, see Collen et al. 2009), with up to six individuals born in a 
single litter in captivity. However, the median litter size in captivity is much smaller, at only 
2 individuals per litter (see Figure 23).  
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Figure 23 Litter sizes of female Otago skink, Oligosoma otagense, in captivity (n = 92 litters), 
excludes one litter conceived in the wild.  
 
2.7.Average Reproductive Output 
Averaged over all breeding individuals, the lifetime reproductive output of an individual EOS 
within the captive population is 2.34 offspring (see Table 19). However this can be much 
higher (see below). 
 
Table 19 Life table summary for eastern provenance Otago skink, Oligosoma otagense, in captivity.  
 All Males Females 
Instantaneous change (r) 0.075 0.073 0.077 
Yearly change (λ) 1.078 1.076 1.08 
Generation length (T) 11.3 years 11.7 years 10.9 years 
Reproductive rate (Ro) 2.34 2.365 2.316 
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Within the captive EOS population breeding success is highly skewed (see Table 20), with 
71.6% of births attributed to the 10 highest contributing sires (total n = 26 sires). Similarly, 
63.7% of births can be attributed to the 10 highest contributing dams (total n = 31 dams).   
 
Table 20 List of the 10 highest contributing sires and dams in the captive eastern provenance Otago 
skink, Oligosoma otagense, population. 
Sires Dams 
Parent Studbook ID No. of Offspring  Parent Studbook ID No. of Offspring 
#17 21  #14 29 
#8 20  #15 19 
#7 18  #9 18 
#41 18  #5 14 
#6 17  #19 12 
#11 16  #3 12 
#18 12  #49 11 
#30 12  #22 8 
#13 11  #44 7 
#45 9  #58 7 
     
3. Annual Mortality  
See Chapter 2 for details on mortality rates experienced by EOS in captivity.  
4. Translocation Survival Rate 
Survival post-translocation to captivity was assessed by using the one year survival of a 
group of EOS translocated from Macraes to the captive population in 2008 (n = 12). 
Assessing post-translocation survival using all wild-caught founders could have positively 
biased survival rates, as it is unknown whether additional individuals were introduced to the 
programme but were not included in the studbook given post-translocation death during the 
early stages of the programme.  
Of those 12 individuals introduced in 2008, only 1 died within a year of translocation, giving 
an initial translocation survival probability of 91.7%. However, it is important to note that a 
further three individuals from that translocation group died within a two year period.  
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5. Current Genetic status of the captive EOS population 
Genetic descriptions of the captive population (see Table 21) were undertaken using all 
individuals currently alive, both wild born and captive born, in the captive EOS studbook. 
Genetic outputs were assessed using the program PMx (Lacy, Ballou and Pollak, 2012).  
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Table 21 Genetic review of the current captive eastern provenance Otago skink, Oligosoma 
otagense, population.  
Variable Details Value 
n captive  
Number of living individuals in the captive 
population 
82 
n wild 
Number of individuals in the wild at the time the 
study was performed 
~250 – 1,000 
ƒ captive 
Inbreeding coefficient calculated from studbook 
data 
0.0728 
No. of founders 
Number of living individuals with WILD/WILD 
parentage and offspring within the captive 
population 
13 
No. of potential 
additional  
founders 
Number of additional living individuals with 
WILD/WILD parentage but no offspring within the 
captive population 
3 
Living 
descendants 
Number of captive born descendants of the 
founders in the living population 
73 
% Ancestry 
known 
Percentage of ancestry that can be traced to 
known individuals within the studbook for the total 
living population 
100% 
% Ancestry 
certain 
Percentage of ancestry where the parentage for 
the total living population has been completely 
identified 
59.8%*  
Gene Diversity 
GD based on 
Gene Drop 
Proportion of the founder population’s genetic 
diversity represented in the current living 
population based on gene drop analyses 
0.9014 
Potential GD 
Proportion of the founder populations genetic 
diversity which could be represented in the 
captive population if equal contribution of potential 
founders could be achieved 
0.9658 
Gene Value 
Gene diversity for the population weighted against 
reproductive value of individuals 
0.8909 
Population 
Mean Kinship 
Average mean kinship value for living individuals 
in the captive population 
0.0985 
Founder Genome Equivalents 
Based on Gene 
Drop 
Number of unrelated founders which would 
represent the same gene diversity as that of the 
living population based gene drop analyses 
5.07 
Potential 
founder 
Genomes 
Maximum FGE that could be achieved through 
optimal founder breeding management. 
14.63 
Founder 
Genomes 
Surviving 
Sum of the founder individuals allele retentions in 
the current living population 
11.13 
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Variable Details Value 
Mean 
Inbreeding 
Average inbreeding coefficient among individuals 
in the current captive population 
0.0728 
Current Ne 
Average effective population size of the current 
captive population* 
26.96 
Ne Based on 
Breeding Males: 
Average effective population size of the current 
captive population’s males* 
13 
Ne Based on 
Breeding 
Females: 
Average effective population size of the current 
captive population’s females* 
14 
Ne/N 
Ratio of the effective population size to the current 
living, captive-born population size* 
0.3694 
* ‘Effective’ individuals are those which have bred successfully. 
